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ABSTRACT 

Magnetic resonance imaging (MRI), and especially diffusion-weighted approaches, display 

exquisite sensitivity to brain microstructural alterations, but are notoriously lacking specificity 

to cellular sub-compartments, hampering the applicability of such technique as a 

non-invasive biopsy. This study establishes and validates an experimental–analytical 

framework for developing diffusion MRI (dw-MRI) biomarkers of brain microstructure of 

inflammation in grey matter, and axonal degeneration in white matter. In rat experimental 

preparations, focal neuroinflammation, acute axonal injury and demyelination were induced 

under controlled conditions and temporally separated, thanks to different cellular reactivity 

windows and pharmacological manipulations. Advanced multiparametric dw-MRI sequences 

combined with histology-inspired multicompartment modeling produced distinct imaging 

fingerpints, validated by immunohistochemistry and electron microscopy. In grey matter, our 

dw-MRI approach sensitively and specifically differentiated inflammation with or without 

neurodegeneration and was robust against other potential confounds like demyelination. In 

white matter, we confirmed and validated dw-MRI’s sensitivity to detect acute axonal 

damage. Translation to humans revealed a diffuse increase in axonal diameter in 

normal-appearing white matter of early multiple sclerosis patients, supporting its potential as 

an early clinical biomarker. 

 

RESUMEN 

La resonancia magnética (RM), y en particular los métodos ponderados en difusión, ofrecen 

una sensibilidad excepcional a los cambios microestructurales del cerebro, pero adolecen 

de una falta de especificidad hacia subcompartimentos celulares, lo que limita su aplicación 

como una “biopsia” no invasiva. Este estudio establece y valida un marco 

experimental–analítico para desarrollar biomarcadores de RM de difusión (RM-DI) que 

reflejen la microestructura cerebral: inflamación en la sustancia gris y degeneración axonal 

9 



en la sustancia blanca. Mediante preparaciones experimentales en rata, se indujeron bajo 

condiciones controladas y de manera temporalmente separada la neuroinflamación focal, el 

daño axonal agudo y la desmielinización, aprovechando ventanas de reactividad celular 

diferenciadas y manipulaciones farmacológicas. La combinación de secuencias 

multiparamétricas avanzadas de RM-DI con modelos multicompartmentales inspirados en 

histología generó firmas imagenológicas distintas, validadas mediante inmunohistoquímica y 

microscopía electrónica. En sustancia gris, nuestro enfoque de RM-DI diferenció de forma 

sensible y específica la inflamación con o sin neurodegeneración y resultó robusto frente a 

posibles confusores como la desmielinización. En sustancia blanca, confirmamos y 

validamos la capacidad de la RM-DI para detectar daño axonal agudo. La traducción del 

protocolo a humanos reveló un aumento difuso del diámetro axonal en la sustancia blanca 

de apariencia normal de pacientes con esclerosis múltiple en fases iniciales, lo que respalda 

su potencial como biomarcador clínico temprano.
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I.​ INTRODUCTION 

The Burden of Brain Diseases 

Brain diseases, including a wide range of neurological and neurodegenerative disorders, are 

among the leading causes of disability and mortality worldwide. These conditions—ranging 

from stroke, epilepsy, and Alzheimer’s disease (AD) to Parkinson’s disease and multiple 

sclerosis (MS)—account for a substantial portion of the global disease burden, both in terms 

of years lived with disability and years of life lost. 

According to global burden of disease studies, neurological disorders are the second leading 

cause of death and the leading cause of disability-adjusted life years (DALYs) globally 

(Feigin et al., 2020). Globally, over 3.4 billion individuals were estimated to have a condition 

affecting the nervous system in 2021, corresponding to 43.1% of the world population. 

Furthermore, these conditions contributed to 443 million DALYs and were the top-ranked 

contributors to global disease burden. For instance, AD alone accounted for 36.3 million 

DALYs in 2021, emphasizing its significant impact (Figure 1.1; adapted from Steinmetz et al., 

2024). Advancements in healthcare and reduced mortality from other diseases have further 

amplified this trend, stressing the urgent need to better understand and manage brain 

pathological disability (Niccoli & Partridge, 2012). 
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Figure 1.1. Global and Regional Patterns of Neurological Disorder Burden. a. Ranking 

of age-standardized DALY rates for dementia (including Alzheimer’s disease and related 

dementias), Parkinson’s disease, motor neuron disease, and multiple sclerosis with 

neurological health loss in 2021 across different regions. Temporal evolution of global DALY 

counts for all neurological conditions b and their distribution by age c in 2021. 

Age-standardized DALYs per 100,000 population over time d and the corresponding 

age-specific rates e for 2021. Shaded areas in Panels a and d and black bars in Panels b 
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and e represent 95% uncertainty intervals. DALYs denote disability-adjusted life years. Note: 

Rankings are based exclusively on disease DALYs attributed to neurological complications. 

Adapted from Steinmetz et al. (2024). 

This growing societal burden places significant strain on healthcare systems worldwide, as a 

larger proportion of the population is developing brain disability conditions. Consequently, 

the development of biological markers - or biomarkers - to better characterize, monitor, and 

treat the underlying mechanisms of brain pathology have emerged as a priority. A biomarker 

is an objective indicator of a biological or pathological state capable of predicting disease 

progression or treatment response (Beard et al., 2016). However, traditional biomarkers 

often fail to elucidate the root cause of a condition. In contrast, process-specific biomarkers 

go further by identifying the exact biological processes or substances driving the disease, 

thereby enabling the development of targeted interventions. 

Magnetic Resonance Imaging (MRI) has revolutionized neuroscience and neurology by 

enabling non-invasive assessments of the brain’s structure and function (Strimbu & Tavel, 

2010). MRI-based biomarkers play an increasingly vital role in diagnosing and understanding 

neurodegenerative diseases. However, challenges remain, including the lack of full 

interpretability in most of the biomarkers (De Santis et al., 2014; Agosta et al., 2017) and 

difficulties in translating advanced MRI techniques used in research into routine clinical 

applications. Developing bio-specific MRI biomarkers necessitates a translational approach 

that integrates findings from both human studies and animal models. 

Animal models are indispensable for elucidating the underlying mechanisms of disease. 

MRI, being non-invasive, is particularly well-suited for these studies and allows for a high 

level of translatability and adaptation between animal and human research. In addition, by 

combining MRI with complementary data sources, such as genetic, biochemical, and 

cognitive information, we can construct a more comprehensive picture of neurodegenerative 

processes. 
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This thesis explores the potential of MRI-based process-specific biomarkers to enhance our 

understanding of two fundamental processes frequently implicated in brain diseases: 

neuroinflammation and neurodegeneration, particularly their manifestation in axonal 

damage. By applying advanced imaging techniques with a translational research 

perspective, this work aims to develop more precise and informative biomarkers, ultimately 

improving the characterization of these pathological manifestations and guiding the 

development of novel therapeutic strategies. 

Neurobiological Processes and Challenges in Brain Health 

This section delves into the critical neurobiological processes and challenges associated 

with brain health. It explores key concepts such as neuroinflammation, neurodegeneration, 

and demyelination, highlighting the complex interplay between these processes and their 

impact on various neurological disorders. Additionally, the processes involved in MS disease 

are considered, because of its relevance in this work. 

Neuroinflammation 

The term neuroinflammation describes the response of the brain’s innate immune system, 

typically initiated in reaction to injury, infection, or chronic disease. This complex process 

involves various cellular players and molecular mediators that interact to protect the brain 

under acute conditions but can cause harm when inflammation becomes chronic. Microglia, 

the brain’s resident immune cells, are among the first responders to brain pathology. These 

cells originate as primitive macrophages from the embryonic yolk sac, therefore they can 

acquire a macrophage-like profile. Upon activation, they release pro-inflammatory cytokines 

and phagocytose cellular debris, playing a dual role in initiating repair and exacerbating 

damage. Astrocytes, another key glial cell type, can undergo proliferation during 

neuroinflammation, secreting inflammatory mediators and contributing to the formation of a 

glial scar, which can limit repair and worsen neuronal dysfunction (Brites & Fernandes, 2015; 

Hennessy et al., 2015; Subhramanyam et al., 2019). Peripheral immune cells, particularly 
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macrophages and CD8-positive T lymphocytes, also play pivotal roles in neuroinflammation, 

especially in conditions involving blood-brain barrier disruption. Macrophages infiltrating the 

central nervous system amplify inflammatory signaling, complementing the activity of 

reactive microglia and engaging in debris clearance (Mammana et al., 2018). They 

contribute to both the amplification of inflammation and phagocytosis, bridging innate and 

adaptive immune responses (Galea et al., 2008). In contrast, CD8-positive T lymphocytes, 

which target infected or damaged neurons, often aggravate neuronal damage and intensify 

inflammation (Johnson et al., 2012). T cells attack compromised neuronal populations and 

perpetuate the inflammatory environment, a phenomenon particularly evident in multiple 

sclerosis (Tallantyre et al., 2009; Ifergan et al., 2011; Karussis, 2014).  

At the molecular level, cytokines such as interleukin-1β (IL-1β), tumor necrosis factor-α 

(TNF-α), and interleukin-6 (IL-6) mediate the inflammatory cascade. While these molecules 

support immune defense and tissue repair in acute settings, their chronic overproduction 

disrupts neuronal homeostasis and accelerates disease progression (Ye et al., 2013). 

Persistent immune activation and cytokine dysregulation are key drivers of 

neurodegeneration (Matousek et al., 2012). Chronic neuroinflammation is closely linked to 

neurodegenerative diseases, aging-related cognitive decline, and multiple sclerosis (Kaur et 

al., 2019).  

Aging, in particular, introduces a phenomenon termed "inflammaging," characterized by 

low-grade neuroinflammation that correlates with cognitive decline and increased 

susceptibility to neurodegenerative diseases (Franceschi et al., 2018). In Alzheimer’s and 

Parkinson’s diseases (PD), sustained activation of glial cells, macrophages, and T 

lymphocytes accelerates neuronal loss (W.-Y. Wang et al., 2015). Meanwhile, in multiple 

sclerosis, immune cell infiltration leads to demyelination and axonal injury, emphasizing the 

complex interplay between neuroinflammation and systemic immune dysregulation (Rossi et 

al., 2014). 
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Neurodegeneration 

Neurodegeneration refers to the progressive loss of structure or function of neurons, 

ultimately leading to neuronal death. This process often involves synaptic dysfunction, 

mitochondrial impairment, oxidative stress, and the accumulation of misfolded or aggregated 

proteins. Cellular mechanisms such as impaired protein homeostasis, autophagy 

dysfunction, and chronic activation of apoptotic pathways contribute significantly to the 

neuronal damage seen in neurodegenerative disorders. Aggregates of misfolded proteins, 

including amyloid-beta (Aβ) plaques and tau neurofibrillary tangles in AD or alpha-synuclein 

inclusions (Lewy bodies) in PD, are hallmark features of neurodegeneration that interfere 

with cellular homeostasis and synaptic transmission (Selkoe & Hardy, 2016). 

Mitochondrial dysfunction and increased oxidative stress are critical drivers of 

neurodegenerative mechanisms. In AD and PD, the accumulation of reactive oxygen 

species (ROS) exacerbates neuronal damage by causing lipid peroxidation, DNA damage, 

and protein oxidation, creating a vicious cycle that perpetuates neuronal loss (Lin & Beal, 

2006). Disrupted calcium homeostasis and impaired energy metabolism further destabilize 

neuronal function, especially in highly energy-dependent regions such as the hippocampus 

and substantia nigra (Choi, 1988).  

Axonal degeneration is a fundamental pathological process in numerous neurodegenerative 

disorders, typically preceding neuronal death and significantly contributing to the decline of 

neural connectivity and function. The foundational understanding of this phenomenon dates 

back to the pioneering work of August Waller, who, in the mid-19th century, systematically 

described the degeneration of nerve fibers following transection (Waller, 1850). His 

investigations led to the characterization of what is now referred to as Wallerian 

degeneration, an orchestrated sequence of pathological events observed following axonal 

injury. This process unfolds in three main phases: an initial latency phase during which the 

severed distal axon remains structurally intact for approximately 36 hours; a subsequent 

acute phase marked by cytoskeletal disruption and axonal fragmentation, often 
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accompanied by glial cell activation in vivo; and finally, a terminal phase involving axonal 

disintegration, degradation of the myelin sheath, and clearance of debris via infiltrating 

macrophages (Coleman, 2005; Court & Coleman, 2012). 

Demyelination 

Demyelination refers to the pathological loss or damage of myelin sheaths that insulate 

axons, disrupting the rapid transmission of electrical signals in the nervous system. This 

process is a hallmark of MS but is also observed in other conditions such as neuromyelitis 

optica and certain leukodystrophies. Demyelination impairs saltatory conduction along 

axons, leading to slower signal transmission, conduction block, and eventual axonal 

degeneration  (Nave & Trapp, 2008). At the cellular level, one prevalent outside-in model 

proposes that demyelination is driven by immune-mediated damage, in which infiltrating T 

cells, B cells, and macrophages attack myelin and oligodendrocytes. However, an alternative 

inside-out hypothesis suggests that primary oligodendrocyte dysfunction precedes—and 

triggers—immune infiltration (Stys et al., 2012; ’t Hart et al., 2021). (Stys et al., 2012; ’t Hart 

et al., 2021). Chronic activation of microglia further contributes to the inflammatory 

environment, exacerbating myelin and axonal damage (Dong & Yong, 2019; Veroni et al., 

2020). Oxidative stress and mitochondrial dysfunction play additional roles in the 

degeneration of both myelin and axons, particularly in progressive forms of MS (Mahad et 

al., 2009). 

Imaging techniques like diffusion tensor imaging (DTI) and magnetization transfer imaging 

(MTI) have provided insights into the microstructural changes associated with demyelination, 

making it possible to study lesion burden and remyelination potential in vivo (Schmierer et 

al., 2004, 2007). Importantly, remyelination—the repair of damaged myelin—is mediated by 

oligodendrocyte precursor cells (OPCs), which proliferate and differentiate to replace lost 

myelin. However, this process is often incomplete in chronic conditions due to the inhibitory 

microenvironment and cellular senescence (Franklin & ffrench-Constant, 2008). In addition, 
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Human OPCs showed less proliferative and remyelinating activity compared to mouse OPCs 

(Bribián et al., 2020). 

Irreversible demyelination is central to the pathophysiology of MS, where it correlates with 

disease progression and disability. Loss of myelin compromises axonal integrity, resulting in 

irreversible damage that contributes to neurodegeneration in later stages of the disease 

(Trapp & Nave, 2008). Understanding the mechanisms of demyelination is crucial for 

developing therapeutic strategies to promote remyelination and neuroprotection. For 

instance, treatments aimed at enhancing OPC recruitment and differentiation hold promise 

for repairing damaged myelin (Goldschmidt et al., 2009). Moreover, experimental studies 

have revealed potential targets for mitigating demyelination, such as modulating microglial 

activity to reduce inflammation or targeting mitochondrial pathways to preserve axonal 

function (Lassmann & van Horssen, 2011). These insights underscore the importance of 

addressing both the demyelination itself and its downstream effects to slow disease 

progression and improve outcomes. 

Multiple Sclerosis 

MS deserves special attention in this work since this thesis focuses on developing and 

probing new non-invasive MRI biomarkers that will help the understanding of this complex 

and devastating disease. Multiple sclerosis is a chronic neuroinflammatory disorder 

characterized by an aberrant immune response that targets myelin sheaths, leading to 

demyelination, axonal damage, and progressive neurodegeneration. The hallmark 

pathological features include inflammatory lesions, remyelination failure, and chronic 

neurodegeneration in both lesions and normal-appearing white matter (NAWM).  

This neurodegeneration in NAWM, often overlooked in early disease stages, contributes to 

irreversible damage and long-term disability (Filippi et al., 2013). Axonal damage is the main 

pathological substrate of irreversible neurological disability. It can either be direct or 

secondary to demyelination, glial activation, or exposure to excitatory amino acids and 
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cytokines (Haines et al., 2011). Luchicchi et al.  (2021) have provided insights into the subtle 

yet progressive nature of NAWM degeneration in MS, positing that axonal blistering 

represents an early pathological feature of this disease. Their work highlights how 

microstructural changes in ostensibly normal brain tissue, detectable via advanced 

microscopic imaging techniques, correlate with inflammatory and neurodegenerative 

processes. Chronic activation of microglia and infiltration of peripheral immune cells are 

central to the disease mechanism, driving both focal lesion formation and diffuse 

neurodegeneration. Demyelination disrupts axonal conduction, while oxidative stress and 

mitochondrial dysfunction exacerbate neuronal loss and synaptic failure (Lassmann, 2018). 

MS manifests in a variety of clinical phenotypes, ranging from relapsing-remitting MS 

(RRMS) to secondary progressive MS (SPMS) and primary progressive MS (PPMS), each 

associated with varying degrees of disability. The transition to progressive MS occurs when 

an axonal loss threshold is reached, and the brain compensatory capacity is surpassed 

(Criste et al., 2014). This progressive accumulation of axonal damage leads to motor, 

sensory, and cognitive impairments, significantly reducing patients’ quality of life  (Compston 

& Coles, 2008). Cognitive decline, fatigue, and depression further exacerbate the disease 

burden, with substantial socioeconomic implications (Trapp & Nave, 2008). 

MRI as a tool to characterize brain parenchyma 

MRI plays a pivotal role in neuroscience research by offering a non-invasive means to 

investigate brain structure, function, and microarchitecture. Its versatility allows researchers 

to study diverse conditions, from neurodegenerative diseases like Alzheimer’s and 

Parkinson’s to inflammatory conditions such as MS. MRI's ability to provide both 

macroscopic views of brain anatomy and detailed microstructural insights has revolutionized 

diagnostics and monitoring. For instance, structural MRI (sMRI) reveals cortical thickness 

and brain atrophy patterns, while functional MRI (fMRI) captures neuronal activity and 
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connectivity. These modalities have become indispensable for understanding both healthy 

and diseased brains (Grover et al., 2015; Noor et al., 2020). 

The fundamentals of Magnetic Resonance Imaging 

The underlying mechanism of MRI involves the application of strong magnetic fields and 

radiofrequency (RF) pulses to probe the behavior of protons (1H) prevalent in biological 

tissues, particularly within water and lipids. Protons possess an intrinsic quantum property 

termed spin, analogous to angular momentum, which imparts a magnetic moment, 

effectively rendering each proton a minute magnet (Figure 1.2a). When subjected to an 

external magnetic field, these protons experience torque, causing alignment or 

anti-alignment with the field, corresponding to distinct energy states. Due to their angular 

momentum, protons precess around the magnetic field axis at the Larmor frequency, 

determined by the gyromagnetic ratio and the magnetic field strength (Figure 1.2b). 

In the presence of an external magnetic field, the aggregate behavior of proton spins 

generates a macroscopic magnetization vector, decomposable into longitudinal (Mz) and 

transverse (Mxy) components. At equilibrium, Mz aligns with the external field, while Mxy 

averages to zero due to random phase distribution among individual spins. To elicit a 

measurable signal, an RF pulse at the Larmor frequency is applied, perturbing the system by 

tipping the net magnetization away from alignment with the external field. This excitation 

induces coherence among spins, producing a non-zero Mxy component, detectable as the 

MR signal. Following the cessation of the RF pulse, the system undergoes relaxation 

processes to return to equilibrium. Longitudinal relaxation (T1) describes the recovery of Mz, 

influenced by tissue-specific molecular interactions; tissues with higher water content 

typically exhibit prolonged T1 values. Transverse relaxation (T2) refers to the decay of Mxy, 

governed by spin-spin interactions and local environmental factors, with shorter T2 times 

observed in tissues containing macromolecules or restricted water diffusion (Figure 1.2c). 
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Variations in T1 and T2 relaxation times among different tissues underpin the contrast 

observed in MRI, enabling the differentiation of structures such as white matter, gray matter, 

and cerebrospinal fluid. Spatial encoding of the MR signal is achieved through the 

application of magnetic field gradients along orthogonal axes, modulating the Larmor 

frequency as a function of spatial position. This technique permits selective excitation and 

localization of signals, facilitating the reconstruction of detailed anatomical images. 

The detected MR signal, induced in a receiver coil tuned to the Larmor frequency, undergoes 

a series of processing steps, including analog-to-digital conversion, k-space sampling, 

Fourier transformation, and image reconstruction. These processes culminate in the 

generation of high-resolution images, providing critical insights into the biochemical and 

structural properties of neural tissues. For a more comprehensive understanding, refer to the 

works of Friedman (1989), Stern (2008), Jenkinson & Chappell (2018), and Wolbarst & 

Yanasak (2019). 

Figure 1.2. Principles of MR. a. Magnetic moment  produced by a spinning charged (µ)

particle. b. Schematic representation of how an applied magnetic field B0​ influences proton 

spin orientations. Initially (left), spins are randomly oriented, resulting in no net magnetization 
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(M=0). When B0​ is applied (center, right), a slight majority of spins align parallel (spin-up) 

rather than antiparallel (spin-down), producing a small net magnetization along B0​. Note that 

the protons themselves do not physically move to new locations; instead, their magnetic 

moments reorient, giving rise to the observed net magnetization. c. When placed in a strong 

external magnetic field (B0​), the net magnetization M0​ of the sample aligns along the z-axis 

(parallel to B0​). An applied radiofrequency (RF) pulse at the Larmor frequency excites the 

spin system, tilting M0​ away from the z-axis and into the transverse (xy) plane. Once in the 

transverse plane, the net magnetization precesses around B0​, inducing a detectable voltage 

in the nearby receiver coil (shown at right). This time-dependent signal, known as the MR 

signal or free induction decay (FID), is then recorded and processed to form the basis of 

MRI. Over time, the magnetization recovers along the z-axis (T1​ relaxation) and dephases in 

the transverse plane (T2​ relaxation), which affects the amplitude and duration of the detected 

signal.. Adapted from Kastler & Anstett (2011). 

Relaxometry: Macroscale MRI techniques for brain tissue characterization 

Structural MRI leverages the intrinsic relaxation properties of water molecules, particularly T1 

and T2 relaxation times, to generate tissue contrast. Different tissues exhibit distinct T1 and 

T2 values, enabling differentiation between various anatomical structures. Sequences whose 

contrast mostly reflect T1 and T2 relaxation are termed T1-weighted (T1w) and T2-weighted 

(T2w) images, respectively (Figure 1.3). 

In T1w imaging, white matter appears with higher signal intensity compared to gray matter 

due to the shorter T1 relaxation times of lipids within myelin. This contrast effectively 

delineates white matter anatomy and identifies structural lesions, such as multiple sclerosis 

plaques. Conversely, T2w imaging renders white matter with lower signal intensity, as it 

exhibits shorter T2 relaxation times compared to gray matter. This modality is particularly 

sensitive to changes in water content associated with edema, inflammation, and 

demyelination, or axonal loss (Stevenson et al., 2000; Knight et al., 2016). 
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Fluid-Attenuated Inversion Recovery (FLAIR) sequences suppress cerebrospinal fluid (CSF) 

signals, enhancing the contrast between lesions and adjacent tissues. FLAIR imaging is 

instrumental in detecting white matter hyperintensities indicative of pathologies such as 

vascular disease, inflammation, and demyelination (Bakshi et al., 2001). 

Proton Density (PDt) imaging reflects the concentration of hydrogen protons, providing 

excellent anatomical detail. However, subtle white matter pathologies may be less 

conspicuous on PDt images compared to T2w or FLAIR images (Just & Thelen, 1988). 

Conventional MRI is essential for diagnosing and monitoring demyelinating disorders like 

MS. T2w and FLAIR sequences visualize and characterize white matter lesions associated 

with MS and track changes in lesion burden over time (Traboulsee et al., 2005; Schiffmann & 

van der Knaap, 2009; Filippi et al., 2019). 

Structural contrasts such as T1w and T2w imaging are well-suited for mapping brain anatomy 

and are widely used in clinical investigations to extract key information, including cortical 

thickness and the volume of different anatomical structures. Cortical thickness measures the 

width of the gray matter and can be calculated from T1w magnetic resonance images (Tahedl, 

2020). These measurements are crucial for assessing neurodegenerative disease and 

developmental abnormalities. Similarly, volumetric analyses of anatomical structures provide 

essential data for diagnosing and monitoring various neurological conditions. 

Despite its utility, structural MRI lacks specificity in distinguishing the precise nature of white 

and gray matter pathologies, being only sensitive to mesoscopic structure.  

24 



 

 

Figure 1.3. Relaxation Times. Depicted are the longitudinal (T1) and transverse (T2) 

relaxation times across a theoretical set of three tissues, each characterized by a unique 

proton composition that influences its relaxation properties. Fat, dominated by lipid protons, 

exhibits short T1 and short T2 values, leading to high signal intensity on T1-weighted and 

low signal on T2-weighted images. White matter also shows relatively short T1 and T2 

values due to its myelin content, appearing bright on T1w and dark on T2w. In contrast, 

fluids such as cerebrospinal fluid (CSF) display long T1 and long T2 times, resulting in low 

intensity on T1w and very bright signal on T2w images. Grey matter lies in between, with 

intermediate T1 and T2 values. These differences in relaxation underlie the tissue contrasts 

in conventional structural MRI. 

Diffusion-weighted MRI: A window into brain microstructure  

Water molecules are in perpetual motion above absolute zero due to inherent thermal 

energy, a phenomenon termed Brownian motion. This random translational movement, first 

observed by botanist Robert Brown in 1827, mathematically characterized by Albert Einstein 

in 1905, is described as a “random walk” because the trajectories are entirely stochastic. In a 

two-dimensional unrestricted medium, the mean displacement of water molecules is zero, 

while the variance of displacement is expressed as: 
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 Eq. (1) ⟨𝑟2⟩ =  2𝑛𝐷∆

Where  denotes the main-squared displacement, n refers to the number of dimensions, D ⟨𝑟2⟩

represents the diffusion coefficient, and  signifies the diffusion time (Figure 1.5a). In ∆

isotropic environments, this motion exhibits equal variance in all directions. However, within 

biological tissues, such as the brain, water molecule displacement is influenced by the 

architecture of structures like axons, cell bodies, and glial cells. In CSF-filled regions, such 

as the ventricular system, water diffusion approximates that in free media, resulting in 

isotropic diffusion direction, leading to low diffusion anisotropy. Conversely, in white matter, 

diffusion is facilitated along the longitudinal axis of neural fibers, rendering it an anisotropic 

structure. 

Diffusion-weighted MRI (dw-MRI) is a pivotal technique for microscale characterization of 

brain tissue, capitalizing on the random motion of water molecules to infer microstructural 

properties. By probing the influence that biological structures cause on water molecules 

displacement, dw-MRI provides insights into the underlying microstructure of the brain 

(Jones, 2011; Emsell et al., 2016). 

A foundational method for achieving diffusion sensitivity in MRI is the pulsed gradient spin 

echo (PGSE; Figure 1.4) sequence, introduced by Stejskal & Tanner (1965). This sequence 

employs two symmetric gradient pulses flanking a 180° refocusing radiofrequency (RF) 

pulse, enabling the measurement of molecular diffusion. The first gradient pulse induces a 

spatially dependent phase shift in the spins of hydrogen nuclei, while the second pulse, 

applied after the refocusing RF pulse, reverses this phase shift for static spins. However, 

spins undergoing diffusion during the interval between pulses experience incomplete 

rephasing, resulting in signal attenuation proportional to their displacement (Bihan et al., 

1986). The degree of attenuation reflects the mobility of water molecules, quantified by the 

diffusion coefficient , and is modeled by the relationship (Figure 1.5): (𝐷)

26 



 

 Eq. (2) 𝑆 =  𝑆
0
𝑒(−𝑏𝐷)

Here,  denotes the measured signal with diffusion weighting,  is the signal without 𝑆 𝑆
0

diffusion gradients, and the b-value encapsulates the magnitude of diffusion weighting. The 

b-value is crucially determined by the sequence parameters in the equation: 

 Eq. (3) 𝑏 =  γ2𝐺2δ2(∆ − δ
3 )

where  is the gyromagnetic ratio (42.58 MHz/T for protons),  is the gradient strength γ 𝐺

(mT/m),  is the gradient pulse duration (ms), and  is the diffusion time (ms) between the δ ∆

leading edges of the two gradients. It should be noted that Eq. (3) strictly applies to 

rectangular diffusion gradients. For trapezoidal gradients, as those typically used in practice 

(see Figure 1.4), additional terms such as ramp time must be included in the calculation of 

the b-value. 

 

Figure 1.4. Pulsed Gradient Spin Echo (PGSE) Sequence. This illustration shows the 

PGSE sequence, which includes an excitation pulse (90°), a refocusing pulse (180°), and 

two gradient pulses (displayed as green trapezoids). In this diagram, G signifies the gradient 

strength, δ stands for the gradient duration, Δ represents the diffusion time (the interval from 

the onset of the first gradient pulse to the start of the second), and TE denotes the echo time 

(Source: Eed et al., 2020). 
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Modulating these parameters allows precise control over the b-value, thereby tuning the 

sensitivity of the MRI signal to specific regimes of water diffusion. 

Although an imaging voxel in typical dw-MRI acquisitions is in the order of millimeters, the 

technique is sensitive to cellular-scale structures (micrometers) because the diffusion 

process is characterized by a much shorter displacement length within the available 

observation time. For instance, increasing gradient strength  or pulse duration  (𝐺) (δ)

amplifies the b-value quadratically, enhancing sensitivity to restricted diffusion in 

microstructurally dense tissues (e.g., tumors). Conversely, extending the diffusion time  (∆)

permits detection of slower diffusion processes over larger spatial scales, such as 

intracellular motion (Le Bihan, 2003). By strategically adjusting , , and , the b-value can 𝐺 δ ∆

be optimized to highlight microstructural variations—such as differences in cell density, 

membrane integrity, or axonal fiber orientation—that are imperceptible in conventional MRI 

(Jones et al., 2018). 

Water molecules at body temperature typically exhibit a diffusion coefficient of about 0.7 - 3 

µm²/ms. In dw-MRI experiments, diffusion‐sensitizing gradients are applied for Δ ranging 

from tens to a few hundred milliseconds. Over such diffusion times (e.g., 50–100 ms), the 

root-mean-square displacement of water molecules is on the order of 5–20 µm—closely 

matching the dimensions of cells and cellular processes. Therefore, even though the voxel 

itself averages over a large tissue volume, the measured signal carries statistical information 

about the hindrance and restrictions imposed by microstructural features such as cell 

membranes, axonal boundaries, and dendritic structures (Figure 1.5). 

The physical basis for this sensitivity can be understood through the concept of “diffusion 

time” and the “diffusion length” (lD), where: 

 Eq. (4) 𝑙𝐷 =  2𝐷𝑡
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with D being the diffusion coefficient and t the effective diffusion time. Hence, for D ~ 1 

µm²/ms and t ~ 100 ms, lD is on the order of 14 µm. This means that during the 

measurement time, water molecules sample structural barriers at the micrometer scale, 

allowing dw-MRI to be sensitive to microscopic changes (Lee et al., 2020; Kiselev, 2021). 

Moreover, the diffusion‐weighted signal depends nonlinearly on the b‐value. At high 

b‐values, the signal decay deviates from a simple mono-exponential form because the 

restriction effects from microstructural boundaries (e.g., cell membranes) become 

pronounced (Figure 1.5). The time-dependent behavior of the apparent diffusivity, often 

following a power-law (with an exponent close to ½), has been attributed to the distribution of 

restrictions along neuronal processes (Lee et al., 2020). Such behavior confirms that even 

with voxel sizes much larger than individual cells, the diffusion signal is indirectly sensitive to 

cellular geometry and density. This interplay between the temporal diffusion scale and the 

structural size of cells and their processes enables dw-MRI to provide valuable insights into 

brain microstructure. 

However, in order to optimize a dw-MRI experiment it requires balancing competing 

demands. Higher b-values improve diffusion weighting and specificity to tissue 

microstructure but inherently reduce the signal-to-noise ratio (SNR) due to exponential signal 

decay (Le Bihan et al., 2001, 2006). Conversely, lower b-values preserve SNR but introduce 

confounding T2w signal contributions, obscuring true diffusion effects (Schaefer et al., 2000). 

Thus, selecting an appropriate b-value is crucial. Advances in multi-b-value acquisitions and 

parametric modeling (e.g., diffusion kurtosis imaging) further refine microstructural insights, 

underscoring the importance of b-value optimization in modern diffusion MRI (Jones, 2011; 

Jones et al., 2018). 
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Figure 1.5. Fundamental Concepts of Diffusion and Diffusion-Weighted MRI. a. The 

random displacements of molecules resulting from thermal agitation (Brownian motion) obey 

a statistical law established by Einstein in 1905. Along n dimensions in space, 

, where  is the time for molecules to diffuse ( ), D is the diffusion < 𝑥2 >= 2𝑛𝐷𝑇
𝑑
 𝑇

𝑑
∆

coefficient, and  is the variance of the molecular displacement along that dimension. < 𝑥2 >

With a very large number of molecules, the size of the ‘cloud’ representing average 

molecular excursion (root-meansquare of ) increases linearly with the square root of < 𝑥2 >

. For water at brain temperature, 68% of molecules have moved within a sphere of 17  𝑇
𝑑

µ𝑚

diameter in 50 . b. Different degrees of diffusion-weighted images can be obtained using 𝑚𝑠

different values for the b value. The larger the b value, the more the signal intensity (S) 

becomes attenuated in the image. This attenuation is modulated by the diffusion coefficient 
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(D). The signal in structures with fast diffusion (for example, water-filled ventricular cavities) 

decays rapidly with increasing b, whereas the signal in tissues with low diffusion (for 

example, gray and white matter) decreases more slowly. By fitting the signal decay as a 

function of b, one obtains the apparent diffusion coefficient (D) for each elementary volume 

(voxel) of the image. Calculated diffusion images (D maps) that depend solely on the 

diffusion coefficient can then be generated and displayed using a gray (or color) scale. c. In 

brain tissue, the diffusion-weighted MRI signal (dashed blue line) can be approximated as 

Gaussian (orange solid line, DTI) only up to a low b-value (~1  or 1000 , 𝑚𝑠/µ𝑚2 𝑠/𝑚𝑚2

orange dashed vertical line), after which it deviates from a linear pattern and can be 

described by a quadratic function (gray solid line, DKI) up to moderate b-value (~2.5  𝑚𝑠/µ𝑚2

or 2500 , gray dashed vertical line). d. In biological tissues, obstacles modulate the 𝑠/𝑚𝑚2

free diffusion process. Diffusion of molecules can be  hindered by obstacles that result in 

tortuous pathways [a]. Diffusion might also be restricted in closed spaces [b], such as cells. 

Figures adapted from Le Bihan (2003) and Jelescu & Fieremans (2023). 

Conventional dw-MRI models 

Diffusion Tensor Imaging (DTI), the most used dw-MRI technique, models water diffusion 

within each voxel using a diffusion tensor—a 3x3 matrix that encapsulates diffusion 

characteristics in three dimensions (Basser et al., 1994). During a typical diffusion 

experiment, multiple diffusion-weighted images are acquired along various non-collinear, 

non-coplanar directions, accompanied by one or more non-diffusion-weighted images 

serving as references. Due to tensor symmetry, a minimum of six of those independent 

measurements along distinct orientations, plus one non-diffusion-weighted measurement, 

are necessary to compute the diffusion tensor, though additional measurement can enhance 

the signal-to-noise ratio (Jones & Basser, 2004). Eigen-decomposition of the tensor yields 

several scalar indices, notably mean diffusivity (MD) and fractional anisotropy (FA). 

31 



 

MD represents the average diffusivity, expressed in square meters per second (m2/s), within 

a voxel and is calculated as: 

 Eq. (5) 𝑀𝐷 =  
(λ

1
+λ

2
+λ

3
)

3

where  and  are the eigenvalues corresponding to the principal diffusion directions. λ
1
, λ

2
, λ

3

FA quantifies the degree of diffusion anisotropy, with values ranging from 0  (isotropic 

diffusion) to 1 (anisotropic diffusion), and is defined as: 
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where MD is the mean of the eigenvalues. These indices are orientationally invariant, 

making them effective quantitative biomarkers for assessing brain microstructure and 

diagnosing various pathologies. For instance, reduced FA is often interpreted as indicative of 

compromised white matter integrity (Beaulieu, 2002; Jones et al., 2013).  

Additional metrics include axial diffusivity (ADt), defined as the principal eigenvalue ( ), λ
1

representing diffusion along the primary axis, and radial diffusivity (RD), the average of the 

second and third eigenvalues, reflecting diffusion perpendicular to the primary axis: 

 Eq. (7) 𝐴𝐷𝑡 =  λ
1

 Eq. (8) 𝑅𝐷 =  
(λ

2
+λ

3
)

2

These metrics, alongside MD and FA, are extensively utilized in medical imaging to quantify 

brain microstructure, offering valuable insights for diagnosing a range of neurological 

conditions (Budde et al., 2009; Winklewski et al., 2018; Weston et al., 2020; Baijot et al., 

2022; Zanon Zotin et al., 2023; Spotorno, Strandberg, Stomrud, et al., 2023; Spotorno, 

Strandberg, Vis, et al., 2023). 
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Complementary techniques, such as tractography, are derived from dw-MRI data 

manipulation. Tractography is a non-invasive image technique that reconstructs the brain’s 

white matter pathways by analyzing the principal diffusion directions of water molecules. In 

white matter, water diffusion is anisotropic, favoring movement along the direction of axonal 

fibers. This characteristic enables the inference of fiber orientations by identifying the 

direction(s) of maximum diffusivity. By integrating these orientations of major axonal bundles, 

facilitating virtual dissection of neural pathways. However, in voxels where multiple fiber 

populations coexist (e.g., two fiber bundles crossing at 90°), the apparent diffusion coefficient 

(ADC) may peak at an intermediate orientation (e.g., 45°), which can confound the 

estimation of true fiber directions (Basser et al., 2000; Johansen-Berg & Behrens, 2009). 

Tractography algorithms are primarily categorized into deterministic and probabilistic 

methods. Deterministic tractography follows a single, most likely pathway from each seed 

point, producing a specific trajectory based on the principal diffusion direction. In contrast, 

probabilistic tractography accounts for uncertainty in fiber orientations by generating multiple 

potential pathways from each seed point, resulting in a distribution of possible trajectories 

that reflect the probability of connection through a given voxel. This probabilistic approach is 

particularly advantageous in regions with complex fiber configurations, such as crossing 

fibers, where deterministic methods may be less accurate (Tsolaki et al., 2024). 

While DTI provides valuable insights into white matter architecture, it has limitations in 

resolving complex fiber orientations within a single voxel. To address this, advanced 

techniques like High Angular Resolution Diffusion Imaging (HARDI) have been developed. 

HARDI acquires diffusion data along numerous directions, enabling more precise modeling 

of intricate fiber structures. Methods such as constrained spherical deconvolution (CSD) 

further enhance this capability by estimating the fiber orientation distribution function (fODF), 

allowing for the resolution of multiple fiber populations within a voxel (Dell’Acqua & Tournier, 

2019). 
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Beyond research applications, tractography holds significant clinical potential, particularly in 

neurosurgical planning. By delineating critical white matter tracts, tractography assists 

surgeons in avoiding vital pathways during procedures such as tumor resection or deep 

brain stimulation, thereby reducing the risk of postoperative neurological deficits. Identifying 

the spatial relationship between lesions and white matter tracts informs surgical 

decision-making and enhances patients’ outcomes (Kamagata et al., 2024). 

Biophysical dw-MRI modelling 

In the DTI framework, each voxel represents a single tensor characterized by a Gaussian 

diffusion profile. Given the disparity between the microscopic scale of neuronal cells and 

their axons (measured in micrometers) and the macroscopic dimensions of typical MRI 

voxels (measured in millimeters), numerous factors influence the resulting fractional 

anisotropy (FA) value. These factors include myelin content, axonal density, axonal diameter, 

and fiber orientation. A single diffusion tensor essentially reflects the averaged signal from 

tens of thousands of cells and/or axons, making it challenging to correlate a specific tissue 

configuration or biological state with observed FA changes. Due to this limitation, DTI lacks 

the ability to differentiate between distinct cellular and subcellular processes, such as 

structural degradation, inflammation, or neural remodeling. Consequently, it provides a 

restricted and inherently ambiguous representation of the underlying tissue compartments 

and neuroanatomy (De Santis et al., 2014). 

As a consequence, more advanced dw-MRI acquisition techniques and reconstruction 

methods have been developed to overcome the limitations of DTI. "Biophysical modeling" 

offers tools to translate the complexities of water diffusion into detailed insights about brain 

tissue properties (figure 1.6) and their potential alterations caused by disease or 

development. Biophysical models of dw-MRI aim to bridge the gap between the diffusion 

signal and underlying tissue properties, and can be broadly categorized based on the target 

cell compartments of which they yield microstructural information. While numerous 
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formulations are nowadays available, a non-exhaustive list of the most representative ones 

is reported below: 

●​ The Ball-and-Stick Model: The Ball-and-Stick model is a multi-compartmental 

framework designed to interpret dwMRI signals, particularly in complex neural 

architectures such as white matter. The "stick" represents highly anisotropic diffusion 

aligned with intracellular axons, while the "ball" represents isotropic diffusion typically 

found in extracellular spaces. This model effectively resolves crossing fibers, a 

significant limitation of simpler models like DTI, by accounting for multiple fiber 

orientations within a single voxel (Behrens et al., 2003). 

●​ The Composite Hindered and Restricted Model of Diffusion (CHARMED): 

CHARMED partitions the diffusion signal into two compartments: restricted diffusion 

within the intracellular space and hindered diffusion within the extracellular space. 

This enables the mapping of detailed axonal properties, such as density and 

structure (Assaf & Basser, 2005). 

●​ Neurite Orientation Dispersion and Density Imaging (NODDI): Building on 

CHARMED, NODDI introduces a third compartment for CSF, improving its ability to 

separate isotropic diffusion from tissue components. It provides advanced metrics 

such as the neurite orientation dispersion index (ODI) and intracellular volume 

fraction (νin), offering deeper insights into microstructural complexity (Zhang et al., 

2012). 

●​ Soma and Neurite Density Imaging (SANDI): SANDI model provides a significant 

leap by explicitly incorporating soma compartments alongside neurites. Unlike prior 

models that merge soma signal with extracellular compartments, SANDI 

distinguishes soma and neurite contributions. It uses advanced dw-MRI techniques 

at high diffusion-weighting (b-values), mapping apparent soma size and density. This 

separation enables improved characterization of brain cytoarchitecture, revealing 
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distinct soma and neurite contributions, as validated by simulations and experimental 

studies (Palombo et al., 2020). 

●​ AxCaliber: The AxCaliber model, a natural extension of CHARMED,  is a powerful 

framework for estimating axon diameter distributions within a voxel using dw-MRI. 

This approach models white matter as a bi-compartmental system, differentiating 

between restricted diffusion in intra-axonal spaces and hindered diffusion in 

extra-axonal spaces. By leveraging high-angular resolution and advanced acquisition 

protocols, AxCaliber provides critical insights into axonal health, enabling the 

detection of remodeling after injury or in pathological conditions (Assaf et al., 2008). 

●​ ActiveAx: This is a sophisticated model for dw-MRI that characterizes white matter 

by incorporating realistic representations of axon properties, such as varying 

orientations, diameters, and myelin content. This approach provides critical insights 

into white matter structure and pathology by estimating metrics like mean axon 

diameter and axonal density. The model achieves this through high-angular 

resolution imaging and advanced multi-compartment analysis, which improves 

specificity compared to traditional diffusion models (Alexander et al., 2010). 

●​ White Matter Tract Integrity (WMTI): This model, proposed by Fieremans et al. 

(2011), is a dw-MRI framework designed to analyze the microstructural organization 

of white matter. By modeling water diffusion within and around axons, WMTI 

quantifies compartment-specific diffusivities, including axon diameter distribution, 

intra-axonal diffusivity, and extra-axonal radial and axial diffusivities. This detailed 

characterization is instrumental in understanding white matter changes associated 

with development, neurodegeneration, and injury. 

●​ Standard Model (SM): The SM represents brain tissue as a complex ensemble of 

microstructural components, including cells, axons, and dendrites. By accurately 

modeling water diffusion across these intricate environments, SM provides a detailed 

understanding of diffusion dynamics in both white and gray matter. This approach is 

particularly valuable for investigating complex neurological conditions and improving 
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diagnostic precision, especially in cortical gray matter, where traditional models often 

fall short (Novikov et al., 2019). 

Biophysical models extract valuable insights from dw-MRI data, enabling fiber orientation 

mapping and quantification of critical parameters such as axonal density, diameter, and 

indirect markers of myelination. These parameters serve as sensitive biomarkers for various 

neurological and psychiatric conditions and allow for the detection of subtle tissue changes, 

facilitating investigations into disease progression and treatment effects. Despite their 

promise, biophysical models face significant challenges. Model validation remains an 

ongoing difficulty, as direct comparisons with actual tissue are limited. Additionally, many 

models are computationally demanding, hindering their clinical translation and application in 

large-scale studies. Advanced models often require specialized MRI sequences, increasing 

scan times and complexity, which restricts their use to research settings. For an elegant yet 

comprehensive overview of microstructural modeling of brain tissue using dw-MRI, refer to 

the work of Alexander et al. (2019). 

 

Figure 1.6. Advanced dw-MRI for enhanced underlying tissue characterization. This 

figure illustrates how variations in the dw-MRI acquisition protocol and biophysical modeling 

influence the estimation white matter microstructure. a. The biological ground-truth white 

matter tract that serves as the basis for the model. b. Each panel depicts a voxel 

37 



 

(represented as a cube) extracted from the tract in a. An upward arrow in each cube 

indicates the dominant water diffusion direction. In the top subpanel, diffusion is modeled 

using a tensor derived from a DTI acquisition with a b-value of 1000 s/mm², which is the sum 

of the signals arising from the restricted and hindered water molecules. In the bottom 

subpanel, the additional diffusion information acquired at a higher b-value (b = 2500 s/mm²) 

is represented by a small orange arrow. Here, a two-compartment biophysical model is 

employed to distinguish between hindered diffusion (illustrated by the tensor and blue line) 

and restricted diffusion (illustrated by multiple cylinders and the orange line), thereby 

providing a more comprehensive characterization of white matter microstructure. 

Linking MRI Markers to Cellular-Level Processes 

The validity of MRI as a non-invasive tool for exploring the brain microstructure relies on its 

ability to accurately reflect underlying biological processes. This ability to connect macro-, 

mesoscopic imaging findings to microscopic biological mechanisms not only validates MRI 

as a diagnostic tool but also enables precise monitoring of disease progression and 

therapeutic efficacy. This fidelity is achieved through rigorous validation of imaging markers 

using complementary techniques, such as histology, immunohistochemistry, and molecular 

assays. These methods bridge the gap between imaging findings and tissue-level changes, 

ensuring that observed markers truly represent the physiological and pseudo-, pathological 

phenomena they aim to characterize, providing a direct link between imaging parameters 

and underlying tissue pathology (Dyrby et al., 2018; Morawski et al., 2018; Jonkman et al., 

2019; Lazari & Lipp, 2020). 

In neuroinflammation, MRS provides insight with elevated myo-inositol levels serving as a 

reliable marker of astrocyte activity, confirmed through immunohistochemical validation 

(Chang et al., 2013; Ligneul et al., 2019). Diffusion-weighted imaging metrics such as 

increased orientation dispersion index, extra-axonal restricted diffusion, and MD have been 

shown to correlate with astrocytic proliferation and microglial reactivity, as verified by glial 
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fibrillary acidic protein (GFAP) and ionized calcium-binding adapter molecule 1 (Iba-1) 

staining in preclinical models (Taquet et al., 2019; Yi et al., 2019). Work by Yi et al. (2019) 

has linked changes in multicomparment dw-MRI metrics–specifically, an increase in the 

Orientation Dispersion Index–with microglia repopulation in ex vivo studies. Conversely, 

Noristani et al. (2017) did not identify correlations between ex vivo dw-MRI longitudinal ADC 

metric and microglia/monocytes density/morphology in a mice model of spinal cord injury.  

In neurodegeneration, QSM has been validated as a sensitive marker for iron deposition, 

with direct histological correlations demonstrating its relevance in diseases like Parkinson’s 

and Alzheimer’s or normal aging (Poynton et al., 2014; Ravanfar et al., 2021). Similarly, 

decreased FA and increased MD observed in dw-MRI have been associated with neuronal 

loss and synaptic dysfunction, aligning with histological evidence of cortical thinning and 

axonal degeneration (Liu et al., 2017; Preziosa et al., 2019). Regarding axonal size 

estimation, previous studies reported correlations between the axonal diameter measured 

with MRI and axonal caliber estimated using electron microscopy in healthy tissue (Barazany 

et al., 2009), but with a reduced sample size. Additionally, in the context of MS AxCaliber 

has revealed a higher axonal diameter proxy in the NAWM of the corpus callosum of MS 

patients compared to healthy controls, which was interpreted as a sign of axonal damage 

(Huang et al., 2016). However, from a pathophysiological point of view, measuring a higher 

estimated MRI axonal diameter proxy in MS does not, per se, represent conclusive evidence 

of axonal damage, especially in the light of the known bias toward larger axons of 

MRI-based axonal diameter quantification (Horowitz, Barazany, Tavor, Bernstein, et al., 

2015; Horowitz, Barazany, Tavor, Yovel, et al., 2015). 

In demyelination, DTI metrics such as FA and RD have been extensively validated against 

histological measures of myelin integrity. Yano et al. (2017) used a cuprizone mouse model 

to explore the relationship between DTI metrics (FA, MD, RD) and myelin content. It found 

that FA decreases and RD increases during demyelination and recovers during 

remyelination, validated through histological analyses. RD was identified as a particularly 
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sensitive marker of myelin integrity. Similarly, Atkinson et al. (2019) demonstrated that FA 

and RD changes in a cuprizone model of demyelination align with histological evidence of 

myelin loss and remyelination. Specifically, RD was decreased and FA increased after 

estrogen receptor β ligand-induced remyelination, confirming the potential of these DTI 

metrics for monitoring therapeutic remyelination. Finally, in multiple sclerosis, the integration 

of imaging biomarkers has shed light on both focal and diffuse neurodegenerative 

processes. T1 hypointense lesions observed in MRI strongly correlate with histopathological 

findings of axonal loss and severe tissue destruction in multiple sclerosis. Importantly, these 

findings extend to diffuse abnormalities in NAWM, providing histological validation for MRI 

markers as tools to assess neurodegeneration beyond focal lesions (Walderveen et al., 

1998). Additionally, histological validation of advanced imaging techniques like NODDI has 

provided new perspectives on the microstructural changes occurring in NAWM, offering a 

more nuanced understanding of disease progression (Preziosa et al., 2019). 

Although informative, none of the above works unravel the cell-specific events undergoing 

on inflammation, neurodegeneration and demyelination brain challenges, neither disentangle 

the complex and mutually dependent relationship between them. In addition, most of the 

works employ an extremely low sample size. Finally, most of the positive associations found 

are not causally established, since the influence of other possible confounding factors or 

covariates is not ruled out.  In the context of multicompartment models for diffusion signals, 

comparing imaging results with underlying pseudo-, pathological evidence is fundamental to 

validating the model, as multicompartment models make numerous assumptions and 

simplifications (to cite a few: fixed diffusivities [Alexander et al., 2010], no exchange [Lasič et 

al., 2011], indirect account of the volume occupied by myelin [Assaf et al., 2008]). Achieving 

specificity is of key importance as those challenges manifest through different mechanisms, 

involving specific cell populations, all playing potentially different roles in disease causation 

and progression. In this thesis, we argue that by combining advanced dw-MRI sequences 

with mathematical models based on neurobiological knowledge of brain parenchyma 
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morphology, together with an experimental design that allows for measuring 

well-characterized parenchymal challenges, the diffusion characteristics within specific 

tissue compartments, and even cell types, could be measured, therefore filling an important 

gap of knowledge. 

II.​ AIMS AND OBJECTIVES 

The present study aims to enhance the utility of diffusion MRI in detecting and characterizing 

pathological events useful in the context of neurological disorders, facilitating the 

development of sensitive biomarkers for disease detection, progression, and potential 

therapeutic monitoring. 

In this regard, the main objective is to advance the development, validation, and application 

of advanced diffusion MRI techniques for non-invasive characterization of microstructural 

and cellular changes in the brain, bridging findings from preclinical models to human 

neurological conditions. To achieve this, our work plan included the following objectives: 

1.​ To establish a framework to validate advanced dw-MRI biomarkers’ sensitivity 

and specificity to measuring cellular and microstructural changes in 

neurological conditions. 

1.1.​ Develop and validate an experimental paradigm capable of distinguishing 

microglia, astrocytes, neurons, and extracellular space contributions during 

neuroinflammation. 

1.2.​ Validate an experimental paradigm for generating controlled acute axonal 

damage. 

2.​ To develop and validate in animal experimental paradigms biomarkers of early 

pathological changes in neurodegenerative or inflammatory brain diseases. 

2.1.​ Investigate microglial and astrocyte reactivity in response to 

neuroinflammation using animal models, characterizing their behavior across 

time and conditions with MRI and histological analyses. 
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2.2.​ Establish a rodent model of axonal damage to validate MRI-based axonal 

diameter mapping, linking imaging findings with histological and electron 

microscopy evidence. 

3.​ To characterize neurodegeneration, inflammation and axonal damage in 

humans. 

3.1.​ Map microstructural features in humans in vivo, particularly those associated 

with glia reactivity, by using dw-MRI. 

3.2.​ Apply MRI protocols to human MS patients to detect axonal integrity 

alterations in NAWM, particularly in early disease stages, and assess 

correlations with clinical features. 

III.​ MATERIALS AND METHODS 

In this section, we will first introduce the cell-specific tissue challenges implemented in rats 

and describe the human cohorts included in this thesis. Then, we will describe the imaging 

experimental setup in both animals and humans and the data analysis pipeline followed. 

Implementing cell-specific tissue challenges in rats 

In this subsection, we will describe the implemented cell-specific tissue challenges used to 

generate focal inflammation and axonal damage in rats in a controlled fashion. 

Experimental subjects 

A total of 62 Male Wistar rats, weighing between 250-300 g, were employed for the 

preclinical procedures. All the experiments received ethical approval from the Instituto de 

Neurociencias (Alicante, Spain) and its Animal Care and Use Committee, in compliance with 

Spanish law 32/2007 and European regulations (EU directive 86/609, EU decree 2001-486, 

and EU recommendation 2007/526/EC). Rats were housed in groups of 3-4, with 

12-hour/12-hour light/dark cycle, lights on at 8:00, at room temperature (23 ± 2°C) and food 

and water ad libitum. 
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Animal preparation 

All animals underwent stereotaxically intracerebral injections targeting both dorsal 

hippocampi.  Unless otherwise specified, the right dorsal hippocampus was injected with the 

active compound, while the left dorsal hippocampus received an equivalent volume of saline. 

Stereotaxic surgeries were performed following  standard procedures as described in the 

literature (Espinosa-Oliva et al., 2013; Geiger et al., 2008). The injection coordinates for rat 

dorsal hippocampi relative to the bregma-lambda axis were as follows: anterior-posterior 

(AP) -3.8 mm, latero-medial (LM) 2.0 mm, dorso-ventral (DV) -3 mm. ±

Experimental design 

Specific experimental group designs, involving active compound injections and targeted 

brain cell reaction times, were developed to address the research objectives outlined above. 

The dorsal hippocampus was chosen as region of interest (ROI) because its well-defined 

axonal tracts restrict drug spread to the target area—radiolabeled tracers confirm 

confinement along the dorso-ventral axis (Rossato et al., 2018)—and its bilateral symmetry 

allows one hemisphere to receive the drug while the other, injected with saline, acts as an 

internal control (Amaral et al., 2007), strengthening within-animal comparisons. Broadly, the 

experimental group can be casted into two general models based on the injected compound 

and the resulting physiological response: (1) neuroinflammation paradigm, and (2) axonal 

damage paradigm. After variable post-injection intervals (depending on the time needed to 

develop the condition of interest), the rats underwent MRI scans, followed by immediate 

perfusion and subsequent immunohistochemical analysis. Group sample sizes were 

determined through power calculation based on the expected effect size, derived from 

changes in mean diffusivity reported in rat gray matter in a previous study on inflammation 

(De Santis et al., 2020). The organization of the experimental groups is illustrated in Figure 

2.1 and is defined as follows: 

1.​ Neuroinflammation paradigm: 
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○​ Group 1.1 - Isolated microglia reactivity paradigm: 

To investigate the reactive microglia independently of any concurrent astrogliosis. A 

post-injection time window of 7 - 9 hours was employed, utilizing a cohort of 6 rats. 

○​ Group 1.2 - Microglia and astrocytes reactivity paradigm: 

To examine the simultaneous microglia and astrocyte reactivity. A post-injection time window 

of 24 hours was employed, utilizing a cohort of 11 rats. 

○​ Group 1.3a - Isolated astrocyte reactivity paradigm: 

To investigate astrogliosis independently of microglia, rats were treated with the CSF1R 

inhibitor PLX5622 (Plexxikon Inc., California, USA), which depletes ~90% of microglia (Han 

et al., 2017). PLX5622 was administered simultaneously via two methods: (1) as a dietary 

supplement (1200 ppm, Research Diets) and (2) by daily intraperitoneal injection (50 mg/kg, 

10 mL/kg) for seven days. On the final day, all rats received intracerebral LPS injections. A 

post-injection time window of 24 hours was employed, utilizing a cohort of 7 rats. 

○​ Group 1.3b - Sham control for Isolated astrocyte reactivity paradigm: 

A CSF1R inhibitor PLX5622 sham group, receiving control food and vehicle injections, was 

included. A post-injection time window of 24 hours was employed, utilizing a cohort of 4 rats. 

This group, in which both microglia and astrocytes were made reactive, was histologically 

similar to Group 2 and therefore was combined with it. 

○​ Group 1.4 - Return to homeostatic state microglia and astrocytes paradigm: 

To investigate both microglia and astrocytes returning to their homeostatic state. A 

post-injection time window of 15 days was employed, utilizing a cohort of 5 rats. 

The above-mentioned paradigms (Groups from 1.1 to 1.4) were established by injection 2  µ𝑙

of lipopolysaccharide (LPS) derived from Escherichia coli (Sigma-Aldrich ref.L2880, Madrid, 

Spain), as described by Espinosa-Oliva et al., (2013), at 2.5  concentration. LPS, a µ𝑔/µ𝑙
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component of Gram-negative bacteria cell walls (Herrera et al., 2000), induces inflammation 

by releasing cytokines and nitric oxide, among others (Chao et al., 1992; Giulian, 1993), 

while preserving neuronal viability and morphology. This approach leveraged the specific 

time-window of microglia–immediate–and astrocyte reactivity–delayed by 24 hours–to the 

compound. In addition, in a group of animals we implemented pharmacological 

pre-treatments to depleted microglia. Therefore, by focusing the analysis on the following 

specific combinations of waiting times and treatments, we ensured that the measured 

metrics accurately reflected the isolated contributions of these cell types (Jeong et al., 2010). 

○​ Group 1.5a - Neurotoxic lesion paradigm with high neuroinflammatory 

response: 

To study the concomitant hippocampal inflammatory response under neural loss paradigm. A 

post-injection time window of 14 days was employed, utilizing a cohort of 3 rats. 

○​ Group 1.5b - Isolated neurotoxic lesion paradigm with low neuroinflammatory 

response: 

To isolate neurodegeneration from the accompanying neuroinflammatory response and test 

dose-dependent response in our analysis, we introduced an additional group of animals that 

received an ibotenic acid injection alongside a treatment regimen of minocycline 

hydrochloride (Sigma-Aldrich, Madrid, Spain). This broad-spectrum tetracycline antibiotic is 

known to reduce microglial and astrocyte reactivity (Cheng et al., 2015), thereby selectively 

targeting neuronal cells. Minocycline was administered intraperitoneally at a dose of 45 

mg/kg for five consecutive days, commencing on the day preceding the ibotenic acid 

stereotaxic injection. A cohort of 6 additional rats was used. 

To induce neurodegeneration with concomitant inflammation, groups 1.5a and 1.5b were 

injected with  1  of ibotenic acid (IBO) at 2.5  concentration was performed, following µ𝑙 µ𝑔/µ𝑙

Drouin-Ouellet et al. (2011) procedure. This neurotoxic aminoacid (Cayman Chemical 

Company ref. 14584, Michigan, USA), derived from Amanita mushrooms, is known to 
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selectively lesion neural population by overexciting NMDA receptor (Zinkand et al., 1992). 

This excitotoxic insult triggers a cascade of events, including neuroinflammation, particularly 

within regions rich in NMDA receptors, such as the dentate gyrus  (Abe et al., 1992). By 

utilizing this model, we aimed to define a fingerprint in the MRI signal capable of 

disentangling inflammation with and without neuronal loss, therefore demonstrating the utility 

of our approaches to investigate both neurodegenerative and neuroinflammatory processes. 

○​ Group 1.6 - Inflammation with demyelination paradigm: 

To investigate the inflammation response in the context of demyelination. A post-injection 

time window from 14 to 21 days was employed, utilizing a cohort of 5 rats. 

To induce inflammation with demyelination, a 1  injection of 1%  L-α-lysolecithin µ𝑙

(Sigma-Aldrich ref.L1381, Madrid, Spain; LYS) diluted in saline was administered, following 

the protocol of Woodruff & Franklin (1999). Lysolecithin, a known membrane-disrupting 

agent, exhibits selective toxicity towards myelinated cells, resulting in disruption of myelin 

sheath (Ou et al., 2016). 

2.​ Axonal damage paradigm: 

○​ Group 2.1 - Axonal damage paradigm: 

To investigate the Wallerian-like axonal degeneration process (Conforti et al., 2014)  within 

the fimbria tract, a major axonal output bundle of the hippocampus. The same experimental 

procedure as group 1.5a was used, utilizing a cohort of 19 rats (partial overlapped with 

1.5a). 

○​ Group 2.2 - Shrinkage measure paradigm 

To quantify the shrinkage during tissue processing, an additional group of 3 rats was used to 

measure volumetric changes from the in vivo state to the post-perfusion, post-fixation, and 

post-embedding stages. 
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Figure 2.1. Experimental design. Schematic representation of the experimental setup, 

illustrating the bilateral stereotaxic injection of the different compounds, the corresponding 

sample sizes, the time intervals used to develop animal paradigms for addressing each 
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scientific question and the techniques employed throughout the process. MRI = Magnetic 

Resonance Imaging; IHC = Immunohistochemistry; EM = Electron microscopy. 

MRI acquisition 

MRI preclinical experiments were conducted using a 7-Tesla scanner (Bruker, BioSpect 

70/30, Ettlingen, Germany) with a maximum gradient strength of 700 mT/m. This system 

was equipped with a receive-only phased-array coil incorporating an integrated combiner 

and preamplifier, paired with an actively detuned transmit-only resonator.  

Diffusion-weighted MRI data were acquired using stimulated echo acquisition mode 

(STEAM) sequences. A total of 30 uniformly distributed gradient directions were employed, 

with b-values of 0 (between 3 or 4), 2000 (15) and 4000 (15) s/mm². Diffusion times  were (∆)

set at 15, 25, 40, and 60 ms, with a diffusion pulse width  of 5 ms, a repetition time (TR) (δ)

of 7000 ms, and an echo time (TE) of 25 ms. This specific combination of b-values and 

diffusion times yielded 132 unique volumes per subject. Fourteen horizontal slices were 

acquired with a field of view (FOV) of 25 mm2, a matrix size of 110 × 110, an in-plane 

resolution of 0.225 mm2, and slice thickness of 0.6 mm. To investigate the Wallerian-like 

axonal degeneration process within the fimbria tract, the FOV was centered on this white 

matter track (group 2.1). For the remaining experiments involving diffusion MRI data 

acquisition, the FOV was centered on the hippocampal regions. 

Additional sequences were acquired: A T1w sequence with TR of 300 ms, TE = 12.6 ms, and 

2 averages; a T2w sequence with TR of 3000 ms, TE of 7.7 ms, and 4 averages were 

acquired. An additional T2w high-resolution MRI protocol covering the entire brain was 

obtained with TR of 8000 ms, TE of 14 ms, 4 averages, FOV = 25 mm2, matrix size = 200 × 

200, in-plane resolution of 0.125 mm2, and 56 slices with a thickness of 0.5 mm. In addition, 

three relaxometry sequences were acquired with the same geometry as the dw-MRI data: a 

gradient echo sequence with TR of 1500 ms, 30 equally spaced TE ranging from 3.3 to 83.4 

ms, and 3 averages. 
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A subset of 9 animals from Group 2.1 underwent a similar protocol, employing lower 

b-values of 1000 and 2500 s/mm² to explore a protocol with lower b-values and thus 

enhanced clinical feasibility. 

To quantify tissue shrinkage during processing, group 2.2 underwent a high-resolution T2w 

MRI scan of the entire brain. This scan utilized a Rapid Acquisition with Relaxation 

Enhancement (RARE) sequence with the following parameters: TR = 6253 ms, TE = 11 ms, 

and 4 averages. The acquisition covered 56 slices with a FOV of 25 mm2, a matrix size of 

200 x 200, an in-plane resolution of 0.125 mm2, and a slice thickness of 0.5 mm. 

The total scan time, including animal preparation, was approximately two hours. 

Data analysis 

Diffusion-weighted multi-compartment inflammation model 

The proposed dw-MRI multi-compartment inflammation model was developed by extending 

previous multi-delta, multi-b-value dw-MRI approaches described in earlier works. 

Specifically, it builds on concepts introduced in the AxCaliber model (Assaf et al., 2008), 

which enables the estimation of axonal caliber distributions in white matter, and on advanced 

gray-matter methodologies sensitive to neurites, such as Watson-dispersed sticks (Hansen 

et al., 2013). Our aim was to design a framework capable of capturing cell-specific 

contributions from microglia and astrocytes, while also accounting for neuronal and myelin 

fractions. The approach leverages the distinct diffusion regimes, geometries, and size scales 

of these cellular populations to extract biologically interpretable biomarkers. 

Accordingly, the diffusion-weighted signal was fitted to the following multi-compartment 

representation: 

  𝑆 =  𝑓
𝐼𝐶

× 𝑆
𝐼𝐶
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In this mathematical model, the different parameters among tissue and cell compartments 

are as follows and can be schematically visualized in figure 2.2:  

-​ represents the fraction of restricted diffusion in cylinders (“sticks”), associated 𝑓
𝐼𝐶

with microglial processes and axons. The corresponding signal term (  is modeled 𝑆
𝐼𝐶

)

as cylinders with negligible radius and Watson-distributed orientations (Assaf et al., 

2008; Hansen et al., 2013), with the Watson dispersion parameter ( ) accounting for κ

the orientation distribution of the processes. Given the relatively short TE used in our 

acquisitions (25 ms), it is possible that a minor contribution from myelin water is also 

captured within this compartment. 

-​  and  represent the fractions of restricted diffusion in small and large spheres, 𝑓
𝑆𝑆

𝑓
𝐿𝑆

corresponding to microglial somata and astrocytes, respectively. Their signal terms (

, ) are modeled as restricted diffusion in spheres according to Neuman’s 𝑆
𝑆𝑆

 𝑆
𝐿𝑆

solution (Neuman, 1974), as implemented in soma-and-neurite imaging approaches 

(Zhang et al., 2012; Palombo et al., 2020). 

-​ denotes the fraction of water undergoing hindered diffusion in the extracellular 𝑓
𝐸𝐶

space. The signal term ( ) is modeled as a cylindrically symmetric diffusion tensor 𝑆
𝐸𝐶

aligned with the mean stick orientation, in line with NODDI-like formulations (Zhang 

et al., 2012). 

-​  corresponds to the free water fraction, modeled as an unrestricted Gaussian (1 − 𝑓
𝑇
)

compartment (Pasternak et al., 2009). 

The fitting parameters for this model are  ,  , ,  , , , the diffusivities of the 𝑓
𝐼𝐶

𝑓
𝑆𝑆

𝑓
𝐿𝑆

 κ 𝑅
𝑆𝑆 

𝑅
𝐿𝑆 

extracellular tensor, and . Restricted water diffusivity inside the restriction is assumed to 𝑓
𝑇 

be mm2s-1 as indicated by Zhang et al. (2012). A slow-exchange regime between 1 𝑥 10−9

compartments was assumed (Lee et al., 2020). Two non-overlapping initialization ranges 

were defined for the sphere radii (4 and 8 , respectively) to ensure convergence and µ𝑚

separation of the microglial and astrocytic contributions. 

Preprocessed dw-MRI data were input into a custom MATLAB pipeline (R2018a, The 

MathWorks). Model fitting was performed by nonlinear least-squares optimization (lsqnonlin) 
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with physiologically constrained parameter bounds, convergence criteria of 10,000 iterations, 

and tolerances of 10⁻⁶. The average fitting speed was 5.9 seconds per voxel. 

This formulation therefore explicitly states the assumptions and approximations underlying 

each compartment: Watson-dispersed sticks for processes, Neuman-based spheres for 

somata, a radially symmetric hindered tensor for extracellular water, and a Gaussian 

free-water term. Together, these choices provide a tractable yet biologically grounded model 

of gray-matter inflammation (García-Hernández et al., 2022). 

 

Figure 2.2. Diffusion-weighted multi-compartment inflammation model. 

Multi-compartment model elements a and what they represent in the biological tissue b: 

sticks (axons + dendrites), sticks and small spheres (microglia), large spheres (astrocytes), 

hindered water (extracellular matrix), and free water (non-tissue, accounting for neurons). c. 

Grey matter visual representation constituting the parenchyma in the model: microglia, 

astrocytes, neurons, extracellular space. Source: Garcia-Hernandez et al. (2022). 

AxCaliber model 

To estimate the average axonal diameter proxy, dw-MRI data were utilized to fit the 

AxCaliber model in both rats and humans. AxCaliber interprets the diffusion signal by 

considering two distinct compartments: one that reflects hindered diffusion (denoted as (·)h) 

and another that captures restricted diffusion (denoted as (·)r). The hindered component is 
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analyzed using the conventional DTI framework, where  represents the diffusion tensor. In 𝐷
ℎ

contrast, the restricted compartment models the white matter microstructure as a collection 

of cylindrical elements with radial symmetry, implying negligible diffusion in the radial 

direction. The signal from this compartment is broken down into components aligned with 

and orthogonal to the cylinder axis. Assuming the cylinders are significantly longer than the 

typical diffusion path length, the parallel signal component can be expressed as a simple 

one-dimensional exponential decay governed by the longitudinal diffusion coefficient . 𝐷
||

However, the perpendicular component is more complex due to its dependence on the 

cylinder radius, ; the detailed formulation for this component is not presented here but is 𝑅

available in Vangelderen et al. (1994). A distinctive feature of AxCaliber is its 

accommodation of axonal radius variability. Although the initial model relied on a gamma 

distribution to represent this variability, the challenges involved in accurately estimating both 

its shape and scale parameters prompted a shift toward using a Poisson distribution (De 

Santis et al., 2016). This alternative approach simplifies modeling by requiring only the 

estimation of the mean, , which serves as both the mean and variance of the distribution, λ

offering a practical approach for implementing the method; therefore, achieving a clearer 

biological interpretability. 

Therefore, the overall model for the diffusion signal is expressed as: 

 𝑆(𝑏,  𝑔) = 𝑓
ℎ

· 𝑆
ℎ
(𝑏, 𝑔) + 𝑓

𝑟
𝑖=0

𝑛

∑ ω(𝑅
𝑖
)𝑆

𝑟
(𝑏, 𝑔, 𝑅

𝑖
),  

where ,  are the fractions of the restricted and hindered components, ,  are the 𝑓
ℎ

𝑓
𝑟

𝑆
ℎ

𝑆
𝑟

diffusion signals of those compartments,  is the diffusion weighting factor,  is the gradient 𝑏 𝑔

orientation and  are the normalized weights from the Poisson distribution. ω(𝑅
𝑖
)

The theoretical framework originally outlined by (De Santis et al., 2019b) was adapted to 

account for the dependence of the extra-axonal signal on diffusion time. This modification 
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introduced a linear term, expressed as  . Although this λ⊥
(∆𝑚𝑖𝑛)

+ 𝑆𝑙𝑜𝑝𝑒 ∗ (𝐷 −  𝐷
(𝑚𝑖𝑛)

)

representation simplifies the dependency proposed by Burcaw et al. (2015), it is considered 

a parsimonious approach, justified by the relatively narrow range of values examined 

compared to prior studies on time dependency (De Santis et al., 2016; Fieremans et al., 

2016). Additionally, a comparison of linear and non-linear models using the Bayesian 

Information Criterion (BIC) consistently favored the linear model, with 100% preference 

across subjects. 

The fitting process was implemented using a cascade model, as described in Harms et al., 

(2017). Initially, the CHARMED model (Assaf & Basser, 2005) was fitted to data acquired at 

shorter  to initialize volume fractions. The intra-axonal axial diffusivity and primary fiber ∆

orientations, estimated during this CHARMED fit, were fixed during the AxCaliber fitting. The 

radial diffusivity of the extra-axonal compartment at the shortest  was first modeled using ∆

the tortuosity approximation (Zhang et al., 2012). Subsequently, this constraint was relaxed 

in a final iteration, where all model parameters except the radial diffusivity and noise factor 

were fixed. The fitted parameters included the restricted main orientations and volume 

fractions, intra-axonal axial diffusivity, extra-axonal radial diffusivity, the slope of radial 

diffusivity decay with increasing , the axonal diameter, and the Rician noise term. For ∆

STEAM data, an additional T1 decay term was incorporated, with the BIC indicating a 

preference for a mono-exponential T1 decay over a bi-exponential model in 98% of the 

evaluated voxels. 

MRI processing 

Raw MRI data were converted from Paravision V6.0 to nifti (The Neuroimaging Informatics 

Technology Initiative) format. Raw MRI data was processed using in-house Matlab (MATLAB 

R2023a) scripts combining tools from FSL V5.0 (https://fsl.fmrib.ox.ac.uk), DIPY (Garyfallidis 

et al., 2014), and ANTs (Advanced Normalization Tools) (Avants et al., 2014) as follows. 

First, FSL bet (brain extraction tool) was used to remove the skull from the T2w and dw-MRI 
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data, separately for each contrast. The skull removal was performed in three steps: first, the 

bet function was run for each map, then each individual mask was manually corrected using 

the FSLeyes tool, and finally the skull was removed by applying the corrected mask. Raw 

dw-MRI unweighted b-value 0 volumes were nonlinearly registered to the T2w scan to correct 

for echo-planar imaging distortions using ANTs anstsRegistration function. Output 

transformation files were applied to the rest of the volumes using ANTs antsApplyTransforms 

function. Correction for movement artifacts and eddy currents was implemented using the 

FSL eddy tool. 

Subsequently, pre-processed dw-MRI data with b-values of 1000 s/mm² and the shorter 

diffusion time were processed using a robust model fitting approach RESTORE (Chang et 

al., 2005) implemented in the ExploreDTI toolbox (Leemans & Jones, 2009) to generate DTI 

metrics. Pre-processed multi-shell, multi-diffusion times dw-MRI data with b-values of 2000 

and 4000 s/mm² were utilized to fit both the AxCaliber model (Assaf et al., 2008) and our 

MCM using an in-house MATLAB script (The Mathworks Inc., Natick, MA). For the axonal 

degeneration model, the fimbria was reconstructed bilaterally using the DTI-based 

tractography algorithm in the software ExploreDTI (Leemans et al., 2009). Injection sites 

were aligned and defined as the origin for the analyzed tract portions. 

For the neuroinflammation paradigm groups, Mean diffusivity (MD) and fractional anisotropy 

(FA) maps from the DTI model; Axonal Diameter (AX) maps from the AxCaliber model (only 

group 1.5a); Stick fraction, Stick dispersion, Small sphere radius, Large sphere radius, and 

Tissue fraction maps were extracted from our MCM for each subject. T1w-, T2w MR 

sequences were used to compute T1/T2 maps. T2* maps were calculated by fitting an 

exponential decay to the T2*-weighted MR sequences acquired at different echo times. 

Finally, for the axonal damage paradigm group 2.1, mean AX values along the fimbria tracts 

were obtained for each animal in both hemispheres. 
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Tissue processing 

❖​ Immunohistochemistry 

Immediately following MRI acquisition, animals were euthanized with an intraperitoneal 

injection of sodium pentobarbital (46 mg/kg, Dolethal, E.V.S.A. laboratories, Madrid, Spain). 

Subsequently, transcardial perfusion was performed with 100 ml of 0.9% warm 

phosphate-buffered saline (PBS), followed by 100 ml of ice-cold 4% paraphormaldehyde 

(PFA; BDH, Prolabo, VWR International, Lovaina, Belgium). Brains were carefully extracted 

and post-fixed in 4% PFA for one hour at room temperature with gentle agitation. The brains 

were then embedded in 3% agarose/PBS (Sigma-Aldrich, Madrid, Spain) and sectioned into 

50 -thick coronal slices using a vibratome (VT 1000S, Leica, Wetzlar, Germany). µ𝑚

To prepare the tissue for immunohistochemistry, sections were rinsed three times in 0.5% 

Triton X-100 in PBS for 10 minutes each. Subsequently, they were blocked with a solution 

containing 4% bovine serum albumin (BSA) and 2% goat serum in 0.5% Triton X-100 BS for 

two hours at room temperature. Sections were then incubated overnight at 4ºC with primary 

antibodies against the following targets: Iba-1 (1:1000, Wako Chimicals, Osaka, Japan) for 

microglia, GFAP (1:1000, SigmaAldrich, Madrid, Spain) for astrocytes, myelin basic protein 

(1:250, Abcan, Cambridge, UK) for axons and dendrites , and NeuN (1:250, Merck Milipore, 

Madrid, Spain) for neurons. 

Prior to antibody incubation, sections for myelin basic protein staining underwent an antigen 

retrieval step involving a 15-minute incubation in 1% citrate buffer (pH 6) with 0.05% 

Tween-20 at 80ºC. 

Following primary antibody incubation, sections were incubated with secondary antibodies 

conjugated to fluorescent dyes (1:500, Thermo Fisher Scientific, Waltham, USA) for two 

hours at room temperature. Subsequently, sections were counterstained with DAPI (15 , µ𝑀

Sigma-Aldrich, Madrid, Spain) for 15 minutes at room temperature. Finally, sections were 

mounted on slides using a custom-made anti-fade mounting medium composed of 1:10 
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propyl gallate:Mowiol (Sigma-Aldrich, MAdrid, Spain; Merck Milipore, Massachusetts, USA) 

to minimize autofluorescence and preserve fluorophore signal over time. 

❖​ Electron microscopy 

A subgroup of 6 rats from Group 2.1 underwent tissue processing for electron microscopy 

acquisition. Rats were euthanized with an intraperitoneal injection of sodium pentobarbital 

(46 mg/kg, Dolethal, E.V.S.A. laboratories, Madrid, Spain). Subsequently, transcardial 

perfusion was performed with 100 ml of 0.9% phosphate-buffered saline (PBS), followed by 

100 ml of fixative solution containing 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 

M cacodylate buffer (pH 7.3). Brains were extracted and post-fixed overnight in the same 

fixative solution at 4 ºC. 

The following day, brains were washed in 0.1 M cacodylate buffer and sectioned into 250 µ𝑚

-thick horizontal slices using a vibratome (Leica VT1000S, Germany). Sections containing 

the fimbria were selected, washed three times in 0.1 M cacodylate buffer, and post-fixed in 

1% osmium tetroxide in 0.1 M cacodylate buffer for 1.5 hours at 4 ºC. After washing in 

distilled water, the tissue was dehydrated in a graded ethanol series, followed by propylene 

oxide. 

 The tissue was then infiltrated with a mixture of propylene oxide and Agar 100 embedding 

resin for two hours at room temperature, followed by overnight incubation in fresh resin. The 

samples were transferred to fresh resin and polymerized for 20 hours at 60 ºC. Ultrathin 

sections (90 nm) were cut using an ultramicrotome (Leica UC7) and placed on 

formvar-coated copper slot grids.  The sections were stained with lead citrate and imaged 

using scanning transmission electron microscopy (STEM) on a scanning electron 

microscope (Zeiss GeminiSEM 460, Germany). 
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❖​ Volume measure 

To assess post-mortem volume changes, ex vivo measurements were obtained at four time 

points: immediately post-perfusion, and at 4-, 7-, and 10-days post-perfusion in rats from 

group 2.2. 

In vivo volumes were calculated by counting the number of voxels corresponding to brain 

tissue in the T2w images and multiplying this number by the voxel volume. Ex vivo volumes 

were measured using the Archimedes’ principle. Briefly, the fixed brain was submerged in a 

known volume of fixative solution, and the resulting volume displacement was measured. 

Microscopy image processing 

For immunofluorescence analysis, tissue sections were examined using a Leica DM4000 

fluorescence microscope (Leica, Wetzlar, Germany) equipped with a QICAM Qimaging 

camera 22577 (Biocompare, San Francisco, USA) and Neurolucida morphometric software 

(MBF, Biosciences, VT, USA). Microglia and astrocytes were visualized and reconstructed 

using 20x and 40x objectives, respectively. Only cells with intact and clear processes were 

included in the analysis. Cells were manually traced throughout the entire section thickness 

using a ¨live¨ tracing method, adjusting the microscope focus as needed. The resulting 2D 

diagrams and 3D reconstructions were saved for subsequent analysis. 

Morphometric analysis of the complete cellular structures was performed using Neurolucida 

Explorer software (MBF Bioscience, VT, USA). A total of 820 cells (410 microglia and 410 

astrocytes) were randomly selected from the dentate gyrus of each hemisphere. We focus 

on the parameters for which analogous quantity was extracted from the dw-MRI analysis to 

be able to compare the two quantifications. Hence, for reconstructed microglia (figure 2.3b 

left), we extracted the following parameters: (1) cell body volume (CBV; figure 2.3c), 

quantifying the volumetric extent of the microglial cell body (approximated as a sphere for 

our multi-delta multi-b-value dw-MRI protocol); (2) process density (PDen; figure 2.3d), a 

measure of the density of neurites emanating from the cell body; (3) process dispersion 
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(PDis; figure 2.3e), characterizing the spatial distribution of neurites around the cell body. 

PDis was assessed through the construction and analysis of polar plots, where lower values 

indicate a more uniform distribution of neurites, suggesting a more isotropic distribution of 

processes, potentially influencing the diffusion of water molecules in the surrounding tissue. 

To estimate astrocyte volume, we employed 3D convex analysis, a method that 

approximates the cell as a convex hull. This approach was necessary due to the limitations 

of GFAP immunostaining, which can underestimate astrocyte morphology. GFAP staining 

and reconstruction (figure 2.3b right) often fail to capture the full extent of astrocytic 

processes, which are enveloped by an actin membrane. By applying convex hull analysis, 

we were able to account for the unstained portions of the astrocyte, providing a more 

accurate estimate of its total volume. This method, originally described by Rodieck (1973) 

and further refined by SheikhBahaei et al. (2018), requires detailed 3D reconstruction of 

GFAP-positive processes, as illustrated in figure 2.3f. 

58 



 

 

Figure 2.3. Histology main methods and morphometric features obtained. a. 

Representative microphotographs of the histological labeling at the different time-points. 

Green = Iba1 (microglia), red = GFAP (astrocytes), blue = DAPI (cell nuclei). Scale bar = 100 

μm. b. Zoom in of a microglia and astrocyte and their 3D reconstruction for morphometric 

analysis. c. Microglia cell size extraction by cross-sectional area determination. d. Microglia’s 

fiber density extraction, showing two representative cases of high and low densities. e. 

Microglia polar plots for fiber orientation analysis, showing two representative cases of low 

Watson dispersion parameter  (indicating high fiber dispersion along the main orientation) κ
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and high  (indicating low fiber dispersion). f. Astrocyte convex hull extraction. Source: κ

Garcia-Hernandez et al. (2022). 

Microglia and astrocyte cell density analysis was performed as follows: images of the 

dentate gyrus were acquired in 12-bit grayscale using the above-mentioned microscope and 

manually delineated according to the Franklin and Paxinos rat brain atlas (Paxinos & 

Franklin, 2019). Semi-automated quantification was conducted using the spot detector tool in 

Icy software (Icy Software, Paris, France). 

A threshold for detecting positive nuclei was established for each experimental condition 

based on the average nuclear size (converted to pixel size) and a signal-to-noise ratio 

exceeding 23% of the cell body intensity relative to the background level. This threshold was 

determined based on the Rayleigh criterion for resolution, which defines the minimum 

distance between two distinguishable points (Rayleigh, 1903). The signal-to-noise ratio was 

calculated by measuring fluorescence intensity along a line intersection of both the cell body 

and the background. This process was repeated for multiple microglia and astrocytes to 

assess staining quality across experimental batches. Data were collected from both control 

and treated hemispheres in at least five slices per animal.  

To assess the integrity of myelin sheaths, neuronal ramifications, and neuronal loss, we 

quantified the intensity of immunofluorescence staining for myelin basic protein (MBP), 

neurofilament, and NeuN, respectively. Images were acquired in 12-bit grayscale and 

analyzed using Icy software. Two square ROIs measuring 100 2 were placed in the µ𝑚

dentate gyrus. For MBP and neurofilament analysis, ROIs were positioned in the hilus, as 

previously described (Long et al., 2021). For NeuN analysis, ROIs were placed in the 

granule cell layer, where neuronal cell bodies are predominantly located (Morris et al., 2024). 

Data were collected from both hemispheres in at least five slices per animal. 

Finally, to analyze axonal morphology, the images were binarized, and axon quantification 

was performed semi-automatically by operators who were blinded to animal identities and 
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experimental conditions. The inner area of each cell was detected automatically using the 

MATLAB function bwconncomp, while non-axonal structures were excluded through manual 

visual inspection. Six images per condition per animal were analyzed, resulting in a total of 

12,272 segmented axons. 

Table 1 provides a comprehensive summary of the correspondences between the 

measurements derived from the MCMs and those obtained through histological analysis. 

Table 1. Dw-MRI and histological measurement equivalencies. 

 Dw-MRI model 
measurement Histological markers Histological 

measurement 

Microglia 
Small spheres  
Stick fraction  
Stick dispersion 

IBA-1 

Cell body volume 
Process 
ramifications 
Dispersion 

Astrocytes Big spheres GFAP Convex hull volume 

Myelin Stick fraction MBP Staining MBP 
density 

Neuronal cell body Tissue fraction NeuN Staining NeuN 
density 

Neuronal axon Alpha parameter Osmium 
Neurofilament Axonal swelling 

Note. IBA-1 = Ionized Calcium-Binding Adapter Molecule 1; GFAP = Glial Fibrillary Acidic 

Protein; MBP = Myelin Basic Protein; NeuN = Neuronal Nuclei. 

Statistics 

For statistical analysis and visualization of the primary results, we employed RStudio 

(RStudio 2025 Inc., Boston, MA, USA) and GraphPad Prism 7 software (GraphPad Software 

Inc., La Jolla, CA, USA). 

After assessing the normality of data distribution, paired t-tests were conducted between the 

control and injected hemispheres for each condition, encompassing both dw-MRI and 
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histological results. Pearson correlation was used for linear regression analyses, with 

significance determined via Fisher’s (1925) test (Edwards, 2005). For MRI data, 

repeated-measures analysis of variance (ANOVA) was performed to evaluate the effects on 

injection and group, followed by post hoc t-test to compare the injected and control 

hemispheres, with corrections applied for multiple comparisons. 

For data representation, the analysis aimed at emphasizing relative changes rather than 

absolute values. Accordingly, all data presented in the results section, including both MRI 

and histological findings, are expressed as ratios of change calculated using the following 

formula: 

 𝐶ℎ𝑎𝑛𝑔𝑒 =  𝑇𝑟𝑒𝑎𝑡𝑒𝑑 − 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
𝐶𝑜𝑛𝑡𝑟𝑜𝑙

For the axonal degeneration model, paired t-tests were conducted to evaluate differences in 

histological measurements and axonal diameters between the injected and contralateral 

fimbria. To assess the effect of ibotenic acid injection, repeated-measures ANOVA were 

performed, with tract location, treatment (IBO vs. saline), and their interaction (tract 

location*treatment) included as factors. When the assumption of sphericity was violated, 

p-values were adjusted using the Greenhouse-Geisser correction. Post hoc comparisons 

between treatments at each tract location were corrected for multiple comparisons using the 

false discovery rate (FDR) method. 

Human cohort 

In this subsection, we aimed to translate advanced dw-MRI techniques, originally developed 

in preclinical models, into human research. Specifically, our objectives were twofold: first, to 

demonstrate the feasibility of mapping inflammatory processes in the gray matter of healthy 

individuals using the novel multi-delta multi-b-value protocol; and second, to characterize 

axonal pathology in patients with MS via a Wallerian-like axonal degeneration biomarker. 

These investigations are designed to bridge the gap between preclinical findings and clinical 
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application, ultimately enhancing our understanding of neuroinflammatory and 

neurodegenerative processes in the human brain. 

Humans Acquisition 

For the human experiments, we collected data through collaborations with the Cardiff 

University Brain Research Imaging Centre (CUBRIC), Wales, UK, to evaluate the 

translatability of our MRI protocol and with the MGH/HST Athinoula A. Martinos Center for 

Biomedical Imaging in Boston, Massachusetts, USA, to assess the translatability of the 

dw-MRI axonal degeneration biomarker in MS patients. Both centers provided access to a 

Siemens 3T Connectom scanner with the required specifications to seamlessly transfer 

protocols developed in rat models to human studies (Jones et al., 2018). Specifically, their 

equipment supports the application of a wide range of b-values, enabling the use of varying 

degrees of diffusion weighting through gradient intensities comparable to those used in 

preclinical animal scanners. Additionally, it facilitates the implementation of longer diffusion 

times without incurring excessive signal loss. 

To assess the translatability of our multi-delta multi-b-value dw-MRI model to humans, six 

healthy participants underwent imaging five times each in the context of a reproducibility 

study, resulting in a total of 30 acquisitions. The study was approved by the Institutional 

Review Board of Cardiff University.  

To assess the translatability of the dw-MRI axonal degeneration biomarker, eleven patients 

with MS (age range: 26-57 years; 6 males) and ten healthy controls (age range: 23-53 years; 

4 males) participated in this study. The minimum sample size required to detect the effect 

was determined based on prior research (Huang et al., 2016). Participants were matched for 

age and sex across groups. Eligibility criteria for MS patients included a confirmed diagnosis 

of relapsing-remitting MS (Polman et al., 2011), stable use of disease-modifying treatments 

or no treatment for at least three months, and no corticosteroid use within one month of the 

study. Physical disability was assessed by a neurologist using the Expanded Disability 

Status Scale (EDSS) (Kurtzke, 1983), and cognitive performance was evaluated using the 
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Symbol Digit Modalities Test (SDMT) (A. Smith, 2016). The study was approved by the local 

Institutional Review Board, and all participants provided written informed consent. 

Demographic and clinical data are presented in Table 2. 

Table 2. Demographic characteristics of the studied cohort. 

 HC (n=10) MS (n=11) p-value 

Age, years (Mean ± SD) 35 ±11 43 ±12 0.27 

Sex, n (Male) 6 4 0.13 

DD, years 
(Mean ± SD)  6.40 ±5.47  

DD < 5 years  4  

EDSS (Median, Min-Max)  2 1-4.5  

SDMT (Mean z-score ± 
SD)  –0.70 ±1.47  

Medication 1 avonex; 1 plegridy; 2 tecfidera; 1 gilenya; 3 ocrelizumab; 2 
copaxone; 1 Rituximab 

Note. SD = Standard Deviation; DD = Disease Duration; EDSS = Expanded Disability Status 

Scale; SDMT = Symbol Digit Modalities Test. The reported p-value is the outcome of the 

Chi-square test comparing Multiple Sclerosis and Healthy Controls for categorical variables, 

or independent samples t-test for continuous variables. 

MRI acquisition 

All participants were scanned using a Siemens 3T Connectom scanner, a customized 

version of the 3T MAGNETOM Skyra system (Siemens Healthcare, Erlangen, Germany). 

This scanner is equipped with gradient coils capable of producing a maximum gradient 

strength of 300 mT/m. A 64-channel brain array coil (Keil et al., 2013) was utilized for data 

acquisition. 
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For the multi-delta multi-b-value dw-MRI model translational study, dw-MRI data were 

acquired using an echo-planar imaging diffusion sequence with the following parameters: 

TE, 80 ms; TR, 3.9 s;  , 17.3, 30, 42, and 55 ms; and b-values of 2000 and 4000 s/mm2, ∆

with 30 and 60 uniformly oriented gradient directions, respectively. Six B0 images were 

acquired for each diffusion time, yielding a total of 384 images per acquisition. Additional 

acquisition parameters included a flip angle of 90º, slice thickness of 2 mm, in-plane voxel 

size of 22 mm, FOV of 220 mm2, and matrix size of 110 x 110. The total scan duration was 

approximately 40 minutes per participant. 

Dw-MRI participant data on the axonal degeneration biomarker study were acquired using a 

spin-echo echo-planar imaging diffusion sequence with 273 uniformly distributed gradient 

directions. Imaging parameters included b-values of 0 (1), 2000 (30), and 4000 (60) s/mm²; 

 of 17, 35, and 61 ms; and a diffusion pulse width of 7 ms. Additional imaging parameters ∆

were TR of 5000 ms, TE of 89 ms, FOV of 220 mm², matrix size of 110 × 110, in-plane 

resolution of 2 mm², slice thickness of 2 mm, partial Fourier factor of 7/8, and a GRAPPA 

acceleration factor of 2. Eighty-two slices were acquired to cover the whole brain, along with 

four non-diffusion-weighted images. Anatomical images were also obtained using 3D 

sequences with a 1.0 mm isotropic voxel size. T1w multiecho magnetization-prepared rapid 

gradient-echo (MPRAGE) images (van der Kouwe et al., 2008) were acquired for all 

participants, while fluid-attenuation inversion recovery (FLAIR) images were acquired in MS 

patients to facilitate white matter lesion segmentation. The total acquisition time per 

participant was approximately 1 hour. 

Data analysis 

MRI processing 

The preprocessing of human dw-MRI data was conducted using a combination of software 

tools, including FreeSurfer V5.3.0 (https://surfer.nmr.mgh.harvard.edu) and FSL V5.0 

(https://fsl.fmrib.ox.ac.uk). Preprocessing steps encompassed gradient nonlinearity 
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correction (Glasser et al., 2013), motion correction, and eddy current correction with 

corresponding b-matrix reorientation (Andersson & Sotiropoulos, 2016). Additional 

corrections were applied for signal drift (Vos et al., 2017) and Gibbs ringing artifacts (Kellner 

et al., 2016). Further details regarding these preprocessing methods can be found at 

http://www.humanconnectome.org/. 

In the multi-delta multi-b-value dw-MRI model human study, diffusion data were 

subsequently registered to a skull-stripped structural T1w image using the epireg algorithm 

(Andersson & Sotiropoulos, 2016). Nonlinear registration of B0 scans to a high-resolution 

human brain template was performed using advanced normalization techniques (Klein et al., 

2009), and the resulting inverse transformations were employed to map the Desikan GM 

parcellation into single-subject space (Desikan et al., 2006). To minimize contamination from 

adjacent white matter, masks were eroded by one voxel using the FSL fslmaths command. 

B0 scans were used to segment gray and white matter regions, retaining only voxels with 

minimal white matter contamination (<5%) for subsequent analyses. Intra- and intersubject 

coefficients of variation were calculated for each MRI measure. The Desikan parcellation 

scheme was employed to compute the mean and standard deviation (SD) of stick fraction 

and dispersion parameters within eight regions of interest (ROIs): hippocampus, cerebellum, 

substantia nigra, basal ganglia, thalamus, motor cortex, frontal cortex, and occipital cortex. 

These measures were correlated with postmortem histological staining for microglia, as 

reported by Mittelbronn et al. (2001). For all multiple sclerosis patients, lesion masks were 

segmented on FLAIR images using a semiautomated method implemented in 3D Slicer 

v4.2.0 (https://www.slicer.org). 

For the groupwise analysis of NAWM, we utilized a previously established method (De 

Santis et al., 2019a). In brief, FA maps, calculated using the lowest  and b-value, were ∆

used to initialize the initial steps of an enhanced version of tract-based spatial statistics 

(TBSS) (Smith et al., 2006). This modified TBSS approach incorporates highly precise 

coregistration techniques (Klein et al., 2009). During the warping procedure, lesion masks 
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were excluded from the similar metric calculation to ensure accurate registration. Statistical 

analysis was conducted using a permutation-based, nonparametric inference framework for 

general linear modeling (Winkler et al., 2014). The model included group and disease 

duration as regressors to evaluate their association with NAWM microstructural changes. 

Lesion masks were excluded from statistical testing, and corrections for multiple 

comparisons across clusters were implemented using threshold-free cluster enhancement 

(TFCE). Additionally, we performed voxel-wise analyses to explore associations between 

axonal diameter and clinical measures, specifically the Expanded Disability Status Scale 

(EDSS) and the Symbol Digit Modalities Test (SDMT), in MS patients. To further investigate 

disease progression, we computed the mean MRI-derived axonal diameter proxy for each 

participant across the entire white matter, excluding lesion regions in MS patients. The mean 

values were compared across three groups: healthy controls, MS patients with a disease 

duration of less than five years, and MS patients with a disease duration of five years or 

more. 

IV.​ RESULTS 

In this section, we briefly summarize the main results on which this thesis is based. We first 

present the findings of García-Hernández et al. (2022), where controlled, cell-specific 

challenges were implemented in rats to isolate inflammatory, neurodegenerative, and 

demyelinating components, thereby enabling the derivation of diffusion-MRI signatures with 

cellular specificity. The translational potential of this framework was then explored in healthy 

human cohorts, establishing the reproducibility of microglia- and astrocyte-sensitive 

diffusion-MRI markers across brain regions. 

We then describe the results from Cerdán Cerdá et al. (2024). In the preclinical arm of this 

study, we validated diffusion-MRI–based axonal diameter mapping in a rat model of selective 

axonal damage induced by ibotenic acid, combining in vivo MRI, immunohistochemistry, and 

electron microscopy to confirm axonal caliber enlargement in the absence of demyelination 
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and considerable axonal loss. In the translational human arm, we applied the same 

framework to patients with multiple sclerosis, revealing diffuse axonal swelling in 

normal-appearing white matter, particularly in individuals with shorter disease duration. 

Together, these studies establish a cross-scale experimental framework in which advanced 

diffusion MRI readouts can be interpreted in light of controlled manipulations and histological 

validation in animals, and subsequently leveraged to interrogate early microstructural 

alterations in the human brain. For detailed descriptions of all results, the reader is referred 

to the corresponding published articles. 

Mapping microglia and astrocyte activation in vivo using diffusion MRI 

In the preclinical arm, we established a set of cell-specific perturbations to generate, in a 

controlled and temporally segregated manner, focal neuroinflammation, neuronal loss–driven 

neurodegeneration, and demyelination. This design enabled within-animal hemispheric 

comparisons to increase sensitivity and reduce inter-subject variance. Advanced 

multiparametric dw-MRI acquisitions were paired with a histology-informed 

multi-compartment representation to capture soma- and process-level features and to 

disentangle restricted from hindered diffusion. Immunohistochemistry provided orthogonal 

validation of imaging-derived interpretations. 

Microglia activation characterized using Iba-1 staining and MRI 

Following lipopolysaccharide administration, microglial reactivity emerged rapidly. At 8 h 

post-injection, Iba-1 staining demonstrated process retraction and soma hypertrophy in the 

absence of proliferation, a morphological phenotype mirrored by the dw-MRI readout: the 

“stick fraction,” sensitive to elongated, ramified processes, decreased, while the apparent 

radius of the small-soma compartment increased (see Figure 3.1). Critically, pharmacological 

depletion of microglia (PLX5622) abolished these MRI changes, confirming their cellular 

specificity rather than a non-specific effect of edema or free-water shifts. 
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Figure 3.1. Histological characterization of microglia reaction and its associated MRI 

signature. a. Experimental scheme showing bilateral stereotaxic injection of LPS (left 

hemisphere)/saline (right hemisphere) and the composition of the four groups: Six animals 

were scanned 8 hours after injection, 11 animals were scanned 24 hours after injection, 7 

animals were treated with PLX5622 for 7 days before the injection and then scanned 24 

hours after injection, and 5 animals were scanned 15 days or more after injection. b. 

Normalized change (Pinjected − Pcontrol)/Pcontrol in process density, cell size, and process 

dispersion parameter for the injected versus control hippocampus, measured in 

Iba-1+–stained microglia for the different groups. Asterisks represent significant paired 

difference between injected and control (**p < 0.01 and ***p < 0.001). Error bars represent 

SD. IHC, immunohistochemistry. c. Morphology reconstruction of representative microglia at 

the different times. d. Geometrical model used for microglia. e. Normalized change (Pinjected − 

Pcontrol)/Pcontrol between MRI parameter calculated in the injected versus control hemisphere 

for the microglia compartment. Asterisks represent significant paired difference between 

injected and control (*p < 0.05 and ***p < 0.001). f and g. Correlations between stick fraction 

from MRI and process density from Iba-1 at 8 f and 24 hours after injection g. h. Mean stick 

fraction maps at 24 hours after injection, normalized to a rat brain template and averaged 

over all rats. Source: García-Hernández et al. (2022). 

Astrocyte activation characterized using GFAP staining and MRI 

By contrast, astrocytic hypertrophy unfolded on a delayed timescale. At ~24 h, GFAP 

immunoreactivity revealed robust astrocyte enlargement which, in the model, was captured 

as an increase in the large-soma radius. This effect persisted even when microglia were 

depleted, indicating that the astrocytic signature is dissociable from microglial contributions 

and can be selectively isolated by timing and pharmacological context (see Figure 3.2). 
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Figure 3.2. Histological characterization of astrocyte reaction and its associated MRI 

signature. a. Morphology reconstruction of representative astrocytes at the different times in 

black and two-dimensional (2D) convex hull in orange. b. Geometrical model used for 

astrocytes. c. Normalized change (Pinjected − Pcontrol)/Pcontrol in convex hull mean radius for the 
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injected versus control hippocampus, measured in GFAP+-stained astrocytes for the 

different groups. Asterisks represent significant paired difference between injected and 

control (***p < 0.001). Error bars represent SD. d. Normalized change (Pinjected − Pcontrol)/Pcontrol 

between MRI-derived large sphere radius calculated in the injected versus control 

hemisphere for the astrocyte compartment (shown in the inset). Asterisks represent 

significant paired difference between injected and control (*p < 0.05). e. Correlation between 

mean sphere radius from MRI and convex hull mean radius from GFAP. f. Large sphere 

radius maps at 24 hours after injection, normalized to a rat brain template and averaged over 

all rats. Source: García-Hernández et al. (2022). 

Concomitant microglia activation and neuronal death characterized using NeuN staining and 
MRI 

To study neurodegenerative alterations, we induced neuronal loss with ibotenic acid. NeuN 

quantification confirmed reduced neuronal content in the hippocampus, accompanied by 

microglial proliferation. In dw-MRI terms, this condition produced a decrease in tissue 

fraction consistent with parenchymal loss and a concomitant increase in the small-soma 

fraction indexing proliferating microglia. Importantly, anti-inflammatory pretreatment 

(minocycline) quantitatively attenuated these imaging changes, demonstrating that the 

derived biomarkers are sensitive to graded biological modulation and are suitable for 

treatment-response assessment (see Figure 3.3). 
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Figure 3.3. Characterization of inflammation in the presence of neuronal death. a. 

Normalized change (Pinjected − Pcontrol)/Pcontrol in histological measures for the injected versus 

control hippocampus. Asterisks represent significant paired difference between injected and 

control (*p < 0.05, **p < 0.01, and ****p < 0.0001). b. NeuN and GFAP–Iba-1 staining of a 

representative animal (left, control; right, injected). GL, granular layer. c. Normalized change 

(Pinjected − Pcontrol)/Pcontrol in MRI parameter calculated in the ibotenic-injected versus control 

hemisphere for microglia and neuron compartments (light gray). For comparison, the same 

parameters obtained in group 2 of the LPS-injected animals are reported in white. Asterisks 

represent significant paired difference between injected and control (*p < 0.05 and **p < 

0.01). d. Normalized change (Pinjected − Pcontrol)/Pcontrol for MRI and histological markers of 

neuronal death calculated separately in the untreated animals and in those treated with 
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minocycline. Asterisks represent significant unpaired difference between the two groups (*p 

< 0.05 and **p < 0.01). Source: García-Hernández et al. (2022). 

Specificity of the model in the presence of demyelination 

In a complementary demyelinating paradigm (lysolecithin), myelin basic protein (MBP) loss 

confirmed myelin disruption while the dw-MRI pattern highlighted the role of extracellular 

water balance in driving stick-fraction reductions. Parameters linked to process dispersion 

retained specificity to microglial morphology, illustrating the model’s robustness to 

myelin-related confounds and its ability to distinguish inflammatory from demyelinating 

effects (see Figure 3.4). 
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Figure 3.4. Specificity of glia biomarkers in demyelinated tissue. a. Normalized change 

(Pinjected − Pcontrol)/Pcontrol in histological Myelin basic protein measures for the injected versus 

control hippocampus. b. MBP staining of a representative animal (left, control; right, 

injected). c. Normalized change (Pinjected − Pcontrol)/Pcontrol in histological staining calculated in 

the lysolecithin-injected versus control hemisphere for microglia and astrocyte 

compartments. d. Same as c but for MRI parameters. Source: García-Hernández et al. 

(2022). 

Translation to human 

We subsequently evaluated the feasibility and anatomical plausibility of the glia-sensitive 

readouts in healthy humans using the same conceptual acquisition–analysis framework 

adapted for 3 T scanners. Gray-matter maps of the stick-related metrics (capturing ramified 

processes) and soma-size indices displayed coherent, regionally structured patterns that 

were highly reproducible across sessions and hemispheres (coefficient of variation < ~8%; 

see Figure 3.5). 

 

Figure 3.5. Feasibility of the framework translation to human and MR parameter 

reproducibility analysis. a. Boxplot of stick fraction as measured separately in the 

hippocampus of six subjects scanned five times (s1 to s6) and pooling all subjects together 

(red). The same is shown for the stick dispersion parameter b, small sphere radius c, large 
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sphere radius d, mean diffusivity e, and fractional anisotropy f. g. Average coefficient of 

variation calculated within subject (light gray) and between subjects (striped). h. Region of 

interest (ROI) in the hippocampus used for the reproducibility analysis, defined according to 

Desikan et al. (2006). Source: García-Hernández et al. (2022). 

Importantly, the spatial distribution of microglia-sensitive parameters showed significant 

correspondence with literature-based regional microglial density, supporting the biological 

interpretability of the imaging markers at the macroscale (see Figure 3.6). Altogether, this 

translational check indicates that the cellularly-informed dw-MRI signatures derived in 

rodents can be measured reliably in humans, providing anatomically plausible maps of 

putative microglial and astrocytic features suitable for future clinical applications. 

 

Figure 3.6. Correlation between the stick fraction and microglia density in human 

brain. a. Stick fraction according to the MCM normalized to the brain template defined in 

(56), masked for gray matter tissue, and averaged across subjects. b. Multiple linear 

regression using stick fraction and dispersion to explain microglia density measured using 

histological staining of postmortem human tissue in eight gray matter regions (hippocampus, 

cerebellum, substantia nigra, basal ganglia, thalamus, motor, frontal, and occipital cortices) 

as reported in Mittelbronn et al. (2001). Regression confidence intervals are calculated using 

bootstrap. Source: García-Hernández et al. (2022). 
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Taken together, these results demonstrate that, under controlled biological manipulations, 

dw-MRI can (i) differentiate microglial from astrocytic reactivity in gray matter by exploiting 

temporal windows and depletion strategies, and (ii) disentangle inflammatory signatures 

from those driven by neuronal loss or demyelination, and (iii) capture these cellularly 

informed metrics in humans with high reproducibility and anatomically plausible regional 

distributions. This preclinical-to-human validation underscores the potential of diffusion MRI 

as a framework to derive cell-specific and biologically meaningful biomarkers of 

neuroinflammation and neurodegeneration. 

A translational MRI approach to validate acute axonal damage detection as an early 

event in multiple sclerosis 

Axonal degeneration is the principal correlate of irreversible disability in multiple sclerosis, 

yet its noninvasive detection in vivo remains a major challenge. To address this, we 

developed a translational framework aimed at validating MRI-derived axonal diameter 

mapping in the context of acute axonal damage. The study combined a preclinical model of 

selective axonal injury with in vivo MRI, immunohistochemistry, and electron microscopy, and 

subsequently extended the same protocol to patients with MS. In this way, the work bridges 

controlled validation in animals with early biomarkers of axonal pathology in human disease. 

A rat model of acute axonal damage 

We targeted the fimbria to elicit acute axonal damage in a white-matter bundle with clear 

geometry and projection patterns. Histology confirmed hippocampus neural loss by 

significantly decreased NeuN intensity and showed increased neurofilament staining 

consistent with axonal disruption (see Figure 3.7).  
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Figure 3.7. Immunofluorescence validation of axonal damage. a. NeuN staining in 

control vs. injected hippocampi. b. Mean NeuN intensity in control vs. injected hippocampi. 

Asterisks represent significant differences across hemispheres (n=8, paired t test, p=0.026). 

c. Neurofilament staining in control vs. injected fimbria. d. Mean neurofilament intensity in 

control vs. injected hippocampi. Asterisks represent significant differences in means across 

hemispheres (n=8, paired t test, p=0.047). Source: Cerdán Cerdá et al. (2024). 

Scanning transmission electron microscopy confirmed an enlargement of axonal caliber 

without significant axonal loss (see Figure 3.8). 
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Figure 3.8. Electron microscopy shows increased mean axonal diameter in 

ibotenic-injected hemisphere compared to saline. a. Representative STEM photos for 

saline and ibotenic acid fimbriae. Segmented axons are overlaid in light blue. b. Histogram 

of the axonal count in one representative animal: upper line, saline injected, lower line, 

ibotenic. Black lines represent the gamma function better fitting the histogram. c. Mean 

axonal diameter (left) and count (right) in each photo and group. Asterisks represent 

significant unpaired t test differences between groups for axonal diameter (n=6, p=0.00013). 

Source: Cerdán Cerdá et al. (2024). 

The dw-MRI axonal-diameter proxy increased in the damaged tract, correlating with 

neurofilament intensity (see Cerdán Cerdá, et al., 2024) and reflecting genuine 

morphological dilation rather than selective attrition of small axons (see Figure 3.9). 
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Figure 3.9. Experimental model of axonal damage. a. Experimental scheme of stereotaxic 

injections of ibotenic acid (IBO) in the left hippocampus of n=19 rats. The right hippocampus 

was injected with saline solution and used as a control. b. Visualization of the injection 

setup. c. Example of the tractography of the fimbriae from one representative animal, 

superimposed on the fractional anisotropy map. The MRI axonal diameter proxy is projected 

on the tract through color coding. d. Mean difference and standard deviation between groups 

of MRI axonal diameter proxy measured across all the streamlines constituting the fimbria in 

the antero-posterior axis, starting from the injection point (n=10). The injection site is shown 

in red. Asterisks represent significant group effect in the ANOVA, while hashtags represent 

significant post-hoc differences between groups in each location, corrected for multiple 

comparisons. e. Mean MRI axonal diameter proxy calculated in the ibotenic vs 

saline-injected fimbria reconstructed using tractography. Asterisks represent significant 
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differences (n=10, paired t test across hemispheres, p=0.021). Source: Cerdán Cerdá et al. 

(2024). 

Axonal damage in normal-appearing white matter of multiple sclerosis patients 

Building on these preclinical insights, we implemented a standardized acquisition and 

analysis pipeline in humans to interrogate axonal microstructure in MS. Across the NAWM, 

MS patients exhibited a diffuse increase in the MRI-derived axonal diameter proxy relative to 

healthy controls, with effects consistently observed across major commissural and projection 

pathways, including the corpus callosum, corticospinal tract, and internal capsule (see 

Figure 3.10). This pattern indicates that axonal pathology in MS is not confined to overt 

lesions but involves widespread microstructural alterations in tissue appearing normal on 

conventional imaging. 
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Figure 3.10. Axonal damage in MS normal-appearing white matter. a. Experimental 

scheme. b. Tract-based spatial statistics showing voxels in which the mean MRI axonal 

diameter proxy is significantly increased in multiple sclerosis versus healthy conditions 

(n=21, p<0.05, corrected). The opposite contrast was not statistically significant. Green: 

skeletonized white matter. Inflated red-yellow (through the pipeline tbss_fill): significant p 

value. Redyellow: p-value <0.1. Source: Cerdán Cerdá et al. (2024). 

Axonal diameter is preferentially increased in patients with early disease 

The temporal profile of these changes suggests an early phenomenon. Axonal diameter 

proxies showed a significant negative association with disease duration: patients within five 

years from diagnosis displayed the largest increases, whereas subjects with longer standing 

disease showed attenuated values (see Figure 3.11). This trajectory is compatible with a 

transient or partially reversible axonal enlargement phase—interpretable as acute axonal 

stress or swelling—followed by progressive axonal loss that reduces the aggregate caliber 

estimate over time. Notably, the axonal-diameter proxy did not correlate with global clinical 

scales, such as EDSS or SDMT, which may reflect limited statistical power, compensatory 

plasticity, and/or temporal decoupling between early microstructural changes and 

macroscopic functional readouts (see Cerdán Cerdá, et al., 2024). 
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Figure 3.11. Axonal diameter is preferentially increased in patients with early MS. a. 

Tract-based spatial statistics showing voxels in which a trend of negative association 

between the MRI axonal diameter proxy and the disease duration (DD) in patients is present 

(n=11, p<0.1; lowest p-value = 0.051 corrected). Green: skeletonized white matter. Bluel-light 

blue: p value. b. Mean axonal diameter in the whole with matter of healthy controls (n=10, 

green), MS patients early in the disease course (n=4, <5 years, in red) and MS patients with 

a longer disease trajectory (n=7, ≥ 5 years, dark red). Asterisks represent unpaired post-hoc 

group differences following significant group effect in the ANOVA. c. Schematic progression 

of early axonal damage. Panel c has been adapted from Figure 1E from Luchicchi et al., 

2021. Source: Cerdán Cerdá et al. (2024). 

From a mechanistic standpoint, the imaging phenotype aligns with neuropathological 

observations that emphasize early axon–myelin unit disturbances in NAWM—such as 

varicosities, spheroids, and myelin blistering with partial axon–myelin detachment—which 
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can precede overt demyelination. Within this context, dw-MRI cannot, at present, 

disambiguate intra-axonal swelling from periaxonal space expansion; consequently, an 

elevated axonal-diameter proxy likely reflects a combination of both processes. 

Nevertheless, the consistent, tract-wide pattern, its prominence in early disease, and the 

concordance with preclinical axonal damage readouts support the interpretation of this 

metric as a sensitive marker of early axonal pathology in MS. Altogether, these findings 

extend the preclinical framework to humans, demonstrating that advanced diffusion-based 

mapping can detect subtle, diffuse axonal alterations in NAWM and potentially inform early 

monitoring and stratification strategies. 

V.​ DISCUSSION 

In this collection of studies, we have integrated experimental animal paradigms, histological 

analyses, and advanced diffusion MRI techniques to investigate neuroinflammation and 

neurodegeneration in vivo. By implementing neurotoxin-induced cell-specific challenges, we 

have established a framework for assessing microstructural changes occurring in 

neuroinflammatory and neurodegenerative pathologies. With this framework, we have 

demonstrated that MRI can differentiate between distinct microglial and astrocytic signatures 

in grey matter, providing a means to tailor specificity under defined pathological conditions. 

Additionally, our findings demonstrate the sensitivity of MRI to detect axonal swelling in white 

matter, a key feature of axonal pathology, and its potential as an early marker of MS in 

humans. In the following sections, we will discuss these findings in detail, addressing their 

implications, methodological considerations, and potential clinical applications. 

Neurotoxin-validated biomarkers framework to assess neuroinflammatory and 

neurodegenerative pathologies via MRI 

This study introduces a framework designed to induce controlled microglial and astrocytic 

reactivity in vivo. A key strength of this framework is the use of neurotoxin-based challenges, 

enabling precise isolation of cellular components relevant in pathology. By employing 
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neurotoxic agents such as lipopolysaccharide, ibotenic acid, and lysolecithin while focusing 

on relative changes between treated and control hemispheres, we induced controlled 

patterns of inflammation, neuronal loss, and demyelination. Comparing hemispheres within 

the same animal increase sensitivity to the induced alteration while minimizing other 

confounds. 

Leveraging the distinct temporal profiles of glial activation, we isolated cell-specific 

morphological features. LPS-induced microglial reactivity was detectable within 8 hours as 

morphological alterations without proliferation. In contrast, astrocytic response followed a 

delayed trajectory, with significant hypertrophy occurring at 24 hours. By capitalizing on 

these differential time windows, we effectively isolated microglia reactivity. To isolate 

astrocyte reactivity, we pre-treated animals to achieve microglial depletion (via PLX5622). 

We demonstrated that we were still capable of achieving astrocytic reactivity 24 hours after 

LPS injection, but this time without microglia alterations. In addition to inflammation, the 

framework was applied to investigate neurodegenerative processes. Ibotenic acid-induced 

neuronal loss produced a reduction in hippocampal tissue alongside an increase of 

microglial proliferation and changes in its morphology, a condition that was used to study 

microglia proliferation.  Moreover, modulating ibotenic acid-induced neurodegeneration with 

anti-inflammatory pretreatments revealed a potential utility in tracking dose-dependent 

microglia reactivity. To test potential signal confounds, we generate lysolecithin-induced 

myelin damage in a time window when inflammation is resolved. Leveraging the ibotenic 

acid-induced neuronal loss, we induced significant acute axonal damage in the fimbria, its 

main projection to prefrontal regions. This was supported by histological findings, including a 

pronounced reduction in NeuN staining in the hippocampus, indicative of neuronal loss, and 

an increase in neurofilament staining in the fimbria, suggesting axonal disruption. 

Furthermore, electron microscopy, comparing fimbria tracks from both hemispheres within 

the same animal, confirmed that the model achieved a significant enlargement of axonal 

caliber without significant axonal loss. 
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Isolating cell-specific contributions is key to developing a framework to challenge sensitivity 

and specificity of different alterations relevant in pathology, especially in the context of MRI 

signal. In fact, due to the contrast mechanism based on hydrogen atoms present in all cells 

in the tissue, and to the relatively large voxel size containing hundreds to thousands of cells 

(West et al., 1991), MRI signal is notoriously extremely sensitive to changes in cell 

compartments but also poorly specific. 

As described in the introduction, considerable efforts have been devoted to developing 

microstructural models capable of capturing features specific to distinct tissue 

subcompartments for dw-MRI. Widely employed, their innovative approaches have been 

applied to characterize several pathological and non-pathological conditions. In the context 

of multicompartment diffusion models, comparing imaging findings with pathological 

evidence is essential to validate the underlying model assumptions. Such models rely on 

numerous simplifications, including fixed diffusivities (Alexander et al., 2010), lack of 

exchange between compartments (Lasič et al., 2011), and an indirect estimation of myelin 

volume (Assaf et al., 2008). However, direct connection between multicompartment diffusion 

models and biological substrate is either lacking or made using small sample sizes and 

based on correlations. For example, Ianuş et al. (2022) assessed the correspondence 

between SANDI fsphere parameter and the histological proxy of cell density based on the 

Allen Mouse Brain Atlas. A recent study introducing Neurite Exchange Imaging (NEXI), a 

minimal diffusion MRI model for gray matter that incorporates inter-compartment water 

exchange (Jelescu et al., 2022), performed histological validation by comparing the spatial 

patterns of anti‐neurofilament immunostaining intensity—particularly in regions like the 

cortex and hippocampus—with the NEXI-derived neurite density parameter (f), showing that 

regions with higher or lower staining intensities matched variations in neurite density 

estimated from the diffusion MRI data. However, while promising this histological validation 

was conducted using a single fixed brain sample. Further validation is required to strengthen 

its biological interpretability. Specifically in white matter, challenges persist as researchers 
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strive to refine in vivo methods for studying bundle tract microstructure and pathophysiology. 

Building on the seminal work of Assaf et al. (2008), previous studies have reported 

correlations between axonal diameter measurements obtained via dw-MRI and axonal 

caliber estimations from electron microscopy in healthy tissue (Barazany et al., 2009; Assaf 

et al., 2013, 2019). However, similar to the limitations mentioned above, these studies relied 

on histological validation from a limited sample size, restricting their conclusions to naturally 

occurring variations in axonal diameter distribution. Consequently, they do not account for 

the morphological effects of pathological conditions on white matter structures, leaving gaps 

in our understanding of how disease processes alter axonal architecture. 

We need to refer to applied specific pathology works to find attempts to directly relate MRI 

signal with the underlying pathological events. For example, Grussu et al. (2017) found the 

related NODDI ODI parameter as a marker of microstructural pathology, detecting trends of 

reduced geometrical complexity of neurite architecture within multiple sclerosis lesions. 

Specifically, ODI was sensitive and highly specific to histologically derived neurite orientation 

dispersion, using neurofilament staining, in the presence of multiple sclerosis-related 

pathology. Furthermore, those NODDI metrics turned out to be specific to neurons and were 

not influenced by features of the extra-neuronal space, such as density of glial cells. They 

also found NODDI neurite density index (NDI) sensitive to the local density of axon/dendrites 

but also strongly influenced by variations of myelination, limiting its interpretability without the 

support of myelin mapping techniques. Despite their informative value, these approaches 

face challenges as the precise temporal evolution of cellular processes underlying the 

inflammatory response remains unclear, particularly in both acute neurological events and 

chronic neuroinflammatory or neurodegenerative conditions. This raises critical questions 

regarding the extent to which individual cellular processes influence microstructural 

alterations detectable by dw-MRI. As demonstrated in previous research (Guglielmetti et al., 

2016), the simultaneous occurrence of distinct cellular responses can attenuate the net 

diffusion signal alterations, thereby hampering the ability of dw-MRI to reliably detect 
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neuroinflammation and associated neurodegeneration. Furthermore, in cases where multiple 

cellular mechanisms interact, it remains unclear which process dominates and contributes 

most significantly to the measurable diffusion signal. By leveraging a combination of 

controlled tissue perturbations, we have systematically evaluated the sensitivity of MRI to 

cellular alterations associated with neurodegenerative, demyelinating, and inflammatory 

pathologies. Our framework integrates advanced multicompartment signal representations, 

specifically designed to disentangle glial reactivity, with a rigorous validation approach to 

ensure the specificity of signal interpretation. This methodological integration enhances the 

capacity of dw-MRI to provide a more precise characterization of the cellular and 

microstructural changes underlying neuroinflammation. 

Despite its transformative potential, several methodological challenges remain. The 

framework is built to target morphological alterations associated with inflammatory states, 

such as process retraction, and thus does not fully capture the functional states of glial 

reactivity, which encompasses a spectrum of different phenotypes (Ransohoff, 2016). The 

integration of metabolomic or transcriptomic data could enhance the biological specificity of 

MRI-derived biomarkers. Additionally, validation in chronic or multifactorial disease models, 

such as those involving amyloid and tau pathology, is required to establish the 

generalizability of these findings. One critical challenge inherent in advanced imaging 

techniques is the heterogeneity of glial and axonal populations; factors such as age, sex, 

brain region, and disease stage influence cellular responses necessitating robust imaging 

metrics. Our approach, which focused on relative changes between treated and controlled 

hemispheres, mitigated these confounding variables and provided reproducible results. 

However, the impact of these factors will be investigated in the future, with the aim of refining 

the validation platform. 

We have developed a framework that effectively disentangles glial activation from 

neurodegeneration and demyelination. In the context of dw-MRI model validation, this 
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approach represents a significant advancement in the field, providing platform where the 

sensitivity and specificity of the different models can be tested and compared. 

Demonstrating that MRI Captures Distinct Microglial and Astrocytic Signatures 

From the previous subsection, the need for a more rigorous validation of MRI-derived 

parameters with quantitative assays is evident. Our framework for generating cell-specific 

alterations was combined with MRI to show that advanced dw-MRI can reliably tease apart 

microglia versus astrocyte reactivity, as well as distinguish inflammatory responses from 

neurodegenerative or demyelinating processes. Key findings revealed that LPS-induced 

neuroinflammation led to a reduction in MRI-derived stick fraction (representing microglial 

processes) and an increase in small sphere radius (reflecting enlarged cell bodies), findings 

confirmed by Iba-1 histology. The specificity of these changes was validated through 

microglia depletion with PLX5622, which resulted in non-significant alterations in the 

microglia-specific MRI parameters. Similarly, astrocyte activation was characterized by 

delayed GFAP+ hypertrophy 24 hours post-LPS, corresponding to an increase in large 

sphere radius, an effect independent of microglial depletion. In the neurodegenerative 

paradigm, ibotenic acid-induced neuronal loss was accompanied by microglial proliferation, 

as reflected in MRI tissue fraction decreases. Notably, the small sphere fraction 

distinguished microglial proliferation from LPS-induced activation. Minocycline treatment 

mitigated neuronal loss, an effect reflected on the MRI changes in quantitative fashion. 

Meanwhile, in the demyelination model, lysolecithin-induced myelin degradation (indicated 

by myelin basic protein loss) did not interfere with glial MRI markers, though changes in the 

balance between water pools led to a decreased stick fraction. Finally, translation to human 

studies demonstrated high reproducibility, with MRI parameters such as stick fraction and 

dispersion correlating with postmortem microglial density patterns across brain regions. 

Dw-MRI has demonstrated significant potential for elucidating the inflammatory components 

of various neurological conditions (De Santis & Canals, 2019). Early inflammatory 
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responses, characterized by microglial proliferation and astrogliosis, can lead to an isotropic 

reduction in apparent diffusivity and an increase in kurtosis, reflecting increased cellularity 

and tissue heterogeneity. For instance, following LPS administration in rodent experimental 

paradigms, authors reported an initial restriction of diffusion, marked by decreased diffusivity 

(Lodygensky et al., 2010) and increased kurtosis (Guan et al., 2021), which has been 

attributed to the proliferation and aggregation of microglia, astrocytes, and macrophages, as 

confirmed by histological analyses. In agreement with previous findings, our results indicate 

that conventional diffusion parameters, such as mean diffusivity, are sensitive to 

morphological changes induced by inflammation. Similarly, the cuprizone mouse 

experimental preparation, commonly used to study CNS demyelination, has provided 

insights into the temporal progression of DTI and DKI parameters during acute inflammatory 

demyelination and subsequent spontaneous remyelination. MD and RD have demonstrated 

being sensitive to acute and long-lasting changes during demyelination, while DKI offers 

greater sensitivity to detect morphological heterogeneity and demyelination in gray matter 

and less affected regions (Wang et al., 2011; Falangola et al., 2014; Guglielmetti et al., 2016; 

Jelescu et al., 2016). 

Although these conventional empirical signal representations offer valuable insights, their 

primary limitation lies in their lack of specificity for differentiating distinct pathological 

mechanisms. Multiple physiological and pathological processes can induce similar 

alterations in apparent diffusivity. For example, reductions in mean diffusivity can result from 

microgliosis, malignant cell proliferation, or even normal brain development, where 

myelination and increased dendritic density contribute to comparable diffusion changes (De 

Santis et al., 2014; Marrale et al., 2016). Overcoming those limitations, our dw-MRI MCM 

was able to unravel the signal contribution from LPS-induced morphological microglial 

activation occurring in the absence of neuronal loss, enabling the identification of MRI 

signatures specific to microglial morphology, such as a reduced "stick fraction" reflecting 

process retraction. This aligns with previous research demonstrating that LPS triggers rapid 
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microglial reactivity, characterized by soma hypertrophy and loss of ramification (Kloss et al., 

2001). Furthermore, the disappearance of microglial MRI signatures in depleted animals 

strongly supports the notion that these biomarkers reflect microglial morphology rather than 

nonspecific tissue alterations. This strategy parallels PET studies employing TSPO knockout 

models to validate radioligand specificity (Guilarte, 2019), but dw-MRI confers the advantage 

of higher spatial resolution, offering a more precise characterization of cellular changes.  

By inducing neurodegenerative processes through the administration of ibotenic acid, we 

observed a reduction in tissue fraction, indicative of neuronal degeneration, coexisting with 

markers of microglial proliferation, such as an increased small sphere fraction. This dual 

signature addresses a critical gap in neurodegenerative disease research, where 

inflammation and neuronal loss frequently co-occur but are rarely distinguishable using 

conventional imaging techniques. In Alzheimer’s disease, elevated mean diffusivity in the 

hippocampus is often interpreted as a marker of neuronal loss (Demey et al., 2015), yet the 

results of this study suggest that concurrent microglial activation may contribute to these 

signal alterations. Similarly, in Parkinson’s disease, the ability to distinguish 

neuroinflammation from dopaminergic degeneration could facilitate more precise patient 

stratification for anti-inflammatory therapies (Q. Wang et al., 2015). Moreover, the ability to 

detect minocycline-mediated neuroprotection, as evidenced by preserved tissue fraction, 

echoes previous findings in Alzheimer’s disease models where this compound prevents 

amyloid-induced neuronal death and reduced caspase-3 activation (Noble et al., 2009), 

suggesting potential clinical applications for monitoring treatment efficacy. By decoupling 

inflammation from degeneration, this approach resolves ambiguities inherent to conventional 

MRI metrics, such as mean diffusivity, which fails to distinguish between glial, neuronal, and 

vascular contributions (De Santis et al., 2014). 

In the context of demyelination, lysolecithin-induced myelin damage provided additional 

insight into the framework’s specificity. The study demonstrated that reductions in stick 

fraction were primarily driven by extracellular free water relative increases, a recognized 
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confounder in white matter imaging (Stikov et al., 2015). However, parameters such as stick 

dispersion remained specific to microglial morphology, illustrating the robustness of this 

approach in differentiating inflammatory from myelin-related alterations. This distinction is 

particularly relevant for diseases such as multiple sclerosis, where demyelination and 

inflammation often coexist and require distinct therapeutic strategies (Lassmann, 2018). By 

isolating glial responses, this framework could enable the identification of patients who are 

more likely to benefit from immunomodulatory interventions versus those requiring 

remyelination therapies. 

Finally, the translation of this framework to human 3T MRI scanners marks a substantial step 

toward clinical applicability. The reproducibility of microglial biomarkers, with a coefficient of 

variation below 8%, is comparable to that of established MRI metrics used in clinical 

diagnostics (Veenith et al., 2013), while correlations with postmortem microglial density 

patterns (Mittelbronn et al., 2001) further reinforce their biological validity. These findings 

parallel to efforts to validate PET TSPO tracers against histological data (Guilarte, 2019) but 

offer a noninvasive alternative that circumvents the limitations of PET, such as radiation 

exposure and lower spatial resolution. This methodological approach refines the ability to 

disentangle overlapping pathological processes but also establishes a rigorous foundation 

for translating preclinical neuroimaging findings to human applications. 

While this study provides valuable insights into glial dynamics, several methodological 

limitations must be acknowledged. The potential for mild inflammation from stereotaxic 

injections, the partial volume effects inherent to human imaging resolution, and the reliance 

on relative rather than absolute histological measures pose challenges to precise 

quantification. However, methodological refinements employed—such as within-subject 

controls, region erosion strategies, and advanced biophysical modeling—help mitigate these 

constraints. Despite these challenges, the findings demonstrate the robustness of this 

diffusion MRI approach in capturing glial dynamics. By bridging the gap between cellular and 

whole-brain imaging, this work advances the field of neuroimaging and establishes a 
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promising framework for studying neuroinflammation, neurodegeneration, and demyelination 

in both research and clinical applications. 

MRI has sensitivity to capture the increase in axonal size due to axonal pathology 

In the present study, we used a well-characterized rodent model in which the axonal 

compartment is selectively damaged. We detected increased neurofilament staining intensity 

in the damaged tract, demonstrating altered axonal morphology without alteration in the total 

amount of myelin. This change is picked up by MRI as an increase in the MRI axonal 

diameter proxy. Electron microscopy and axonal diameter quantification demonstrate that 

the increase observed in imaging reflects true morphological axonal alterations, hallmarks of 

axonal pathology. The significant correlation between neurofilament staining intensity and 

the MRI axonal diameter proxy further validates the imaging parameter as a marker of 

axonal damage and is compatible with recent work studying the association of MRI metrics 

sensitive to axonal pathology and the serum neurofilament light chain biomarker in humans 

(Rahmanzadeh et al., 2021). Importantly, this imaging-based observation was supported by 

histological findings, providing additional confirmation that the MRI-detected increase in 

axonal diameter corresponded to a true enlargement of axonal caliber.  

Despite significant progress in non-invasive techniques for assessing brain microstructure, 

the accurate measurement of axonal size remains a subject of ongoing debate in 

neuroscience due to methodological limitations and biological complexities. Histological 

studies have long reported discrepancies in axonal size estimation, often attributed to the 

irregular, non-circular geometry of axons, which necessitates shape corrections for accurate 

normalization (Duvdevani et al., 1993). Recent advancements in imaging methodologies 

have provided key insights into axonal microstructure. For instance, ActiveAxADD has 

demonstrated the potential to extract non-parametric and orientationally invariant axon 

diameter distributions from isolated intra-axonal signals (Romascano et al., 2020). Similarly, 

Lee et al. (2020) validated the detection of micrometer-scale axonal variations, such as 
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axonal beading, using diffusion MRI in conjunction with Monte Carlo simulations of realistic 

axonal geometries derived from 3D electron microscopy. Further improvements in dw-MRI 

have been achieved by Veraart et al., (2020), who refined axonal radius estimation by 

addressing confounding factors such as extra-axonal water and orientation dispersion, 

thereby enhancing the validity of MRI-derived metrics against histological data. 

Emerging approaches have sought to simplify axonal diameter estimation while maintaining 

accuracy. Harkins et al. (2021) introduced a methodology that leverages changes in radial 

apparent diffusion coefficients across effective diffusion times, eliminating the need for 

complex compartmental modeling. More recently, Pizzolato et al. (2023) proposed a general 

framework for estimating both axial and radial axonal diffusivities at strong diffusion 

weightings using kernel zonal modeling. Barakovic et al. (2023) integrated T1 and T2 

relaxation times with spherical mean diffusion modeling, demonstrating improved sensitivity 

to smaller axons in the corpus callosum through the application of ultra-strong diffusion 

gradients. Additionally, Friesen et al. (2024) utilized oscillating gradient spin-echo sequences 

in high-field MRI systems (e.g., 7T and 15.2T) to model white matter microstructure, 

enhancing sensitivity to smaller axonal features by accounting for intra- and extra-axonal 

diffusion dynamics. Their voxel-based analyses captured microstructure heterogeneity more 

effectively than conventional region-based approaches. Notably, many of the aforementioned 

studies have yet to fully validate their imaging-derived measurements against underlying 

biological structures, or their sample sizes remain limited. These gaps underscore the need 

for further validation studies that integrate advanced imaging techniques with rigorous 

histological and ultrastructural analyses to enhance the reliability of axonal diameter 

estimation in vivo. In addition, none thus far have demonstrated that AxCaliber is sensitive to 

axonal damage, but only to naturally occurring caliber dispersion in healthy conditions.  

Quantitative comparison between MRI maps and stained sections is severely hampered by 

the fixation process and other limitations (Horowitz, et al., 2015; Barakovic et al., 2023). A 

key contribution of this work lies in reconciling MRI and STEM measurements. While MRI 
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consistently overestimates axonal diameter due to its weighting toward larger axons, STEM 

underestimates diameters because of tissue shrinkage during fixation—a phenomenon 

quantified in our study as up to 39% shrinkage in STEM preparations. This discrepancy, 

consistent with Barakovic et al. (2023), highlights the challenges of histological validation but 

also emphasizes that both modalities detect the same underlying pathology: axonal swelling. 

Such swelling, rather than selective loss of small axons, appears to drive the MRI signal 

changes in our acute model, as supported by the strong correlation between neurofilament 

staining intensity and MRI-derived diameter proxies. This aligns with clinical studies linking 

MRI metrics to serum neurofilament light chain levels, a biomarker of neurodegeneration 

(Rahmanzadeh et al., 2021), underscoring the translational potential of MRI-based axonal 

mapping. 

Like any methodological approach, this study has certain limitations that should be 

acknowledged. First, the chosen b-value (3000–4000 s/mm²) represented a compromise 

between sensitivity to small structures and achieving a sufficient signal-to-noise ratio (SNR) 

in vivo. While some studies question whether this value is too low to detect the intra-axonal 

signal (Veraart et al., 2020), our shrinkage analysis suggests that the current estimated sizes 

used to determine the minimum b-value required for axonal diameter measurement via 

MRI—such as those reported in De Santis et al. (2016)—should be updated. However, 

although this modest b-value is feasible for in vivo and clinical applications, it remains 

suboptimal for measuring axonal diameter. Higher b-values could enhance sensitivity to the 

intra-axonal compartment (Veraart et al., 2020; Barakovic et al., 2023). In this context, 

incorporating spherical mean techniques may improve axonal diameter and intra-axonal 

diffusivity estimations by accounting for fiber distribution effects and improving SNR (Dhital 

et al., 2019; Fan et al., 2020; Veraart et al., 2020). Additionally, in a subset of animals, we 

tested a protocol with a lower b-value and a simplified AxCaliber model (without diffusion 

time dependency) to facilitate future clinical AxCaliber studies. While we observed no 

qualitative differences in the outcome—MRI-based axonal diameter estimates increased 
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following fimbria damage—this result should be interpreted with caution. The predominance 

of extra-axonal signal may act as a confounding factor (Burcaw et al., 2015), highlighting the 

need for further research and potentially more realistic simulations that consider actual 

cellular composition and morphology. 

Another limitation concerns the quantification of axonal diameter distribution, which was 

performed using a Poisson distribution. This approach, which relies on a single parameter to 

describe both the mean and dispersion, does not allow for differentiation between axonal 

swelling and the selective loss of small-caliber axons. Consequently, our current 

methodology does not permit us to ascertain whether the observed increase in axonal 

diameter is attributable to a preferential loss of small-caliber axons or axonal swelling. Future 

investigations incorporating a more comprehensive experimental protocol and a higher 

b-value—possibly using non-parametric estimates as proposed by Romascano et al. 

(2020)—could enable measurement of the full diameter distribution, offering more detailed 

insights into the underlying pathology. 

Furthermore, the AxCaliber model used in this study does not account for fiber orientation 

dispersion in white matter. This simplification could introduce bias, particularly in regions 

where fibers are not uniformly aligned, potentially leading to inaccurate axonal diameter 

estimations. While some studies report modest values of dispersion in single-fiber areas 

(Mollink et al., 2017), others have measured values as high as 20 degrees (Ronen et al., 

2014; Lee et al., 2019). Although it is reasonable to expect that some axonal directional 

dispersion in single-fiber regions is accounted for by the presence of a secondary fiber 

population—potentially mitigating the effect—future work should incorporate spherical mean 

techniques to fully eliminate this bias. 

Finally, validation of the method was limited to a single white matter tract (the fimbria in rats). 

This raises concerns about its generalizability, as different brain regions or tracks may exhibit 

distinct structural properties that could influence the method’s reliability. However, 
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extrapolating our results to other tracts should be relatively straightforward. Future studies 

are needed to confirm this assumption. 

Axonal swelling as a marker of early MS pathology 

In this subsection, we present key findings that identify axonal swelling as a potential early 

marker in the pathogenesis of MS. Utilizing a standardized MRI protocol applied to both MS 

patients and healthy controls, our analysis revealed a diffuse increase in the MRI-derived 

axonal diameter proxy within the normal-appearing white matter of MS patients. This 

enlargement was consistently observed across several major white matter tracts, including 

the corpus callosum, corticospinal tract, and internal capsule. Notably, patients with a 

disease duration of less than five years exhibited a significantly greater axonal diameter 

proxy compared to both healthy controls and those with longer disease durations. These 

findings strongly suggest that axonal swelling is an early pathological event in MS, 

reinforcing the potential of MRI-based axonal diameter mapping as a sensitive biomarker for 

early disease detection and progression monitoring. 

Axonal damage is a key driver of neurological decline in MS, and early transient axonal 

swelling may represent an initial structural adaptation to injury, with implications for long-term 

disability (Kuhlmann, 2002). Neuropathological studies have documented the formation of 

axonal varicosities and spheroids in the early stages of MS, leading to increased axonal 

diameters and impaired axonal transport (Criste et al., 2014). Both postmortem histological 

analyses (Bergers et al., 2002) and in vivo animal models (Nikić et al., 2011) provide 

evidence of axonal swelling occurring in both demyelinated and non-demyelinated regions. 

Additionally, smaller-caliber axons appear to be particularly vulnerable, potentially 

predisposing them to early degeneration in the disease process (Tallantyre et al., 2010). 

Recent studies further support the role of axonal swelling as a key biomarker in MS. Oost et 

al. (2023) reported that axonal loss in NAWM is frequently accompanied by compensatory 

swelling in surviving axons, often associated with adjustments in myelin thickness. This 
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structural adaptation, combined with mitochondrial dysfunction, may render swollen axons 

more susceptible to secondary injury. Similarly, Luchicchi et al. (2021) identified early 

morphological changes in NAWM, such as myelin blistering and detachment from axons, 

which disrupt axon-myelin interactions. These alterations, coupled with biochemical 

modifications—including increased protein citrullination—may further contribute to axonal 

dysfunction (Luchicchi et al., 2024). These post-mortem analyses show that the prevalence 

of these blisters is significantly higher in MS NAWM than in neurological and 

non-neurological controls, whereas the absolute number of simple axonal swellings does not 

differ between groups (Luchicchi et al., 2021). Consistent results are obtained in the 

non-inflammatory cuprizone mouse model, where myelin blisters appear within one week of 

intoxication—well before overt demyelination or extensive axonal enlargement (Joost et al., 

2021) (Joost et al., 2022). Although illustrative, diffusion‐MRI cannot presently discriminate 

between expansion of the axoplasm and enlargement of the periaxonal space, meaning that 

an elevated axonal-diameter proxy may reflect either axonal swelling, the presence of myelin 

blisters or both. Collectively, the above mentioned findings are consistent with our results, 

underscoring the relevance of axonal swelling as a biomarker of early, prelesional pathology 

in MS. 

Beyond these morphological observations, it is important to place our findings within the 

broader etiopathogenic debate of MS. While an immune-centered, “outside–in” view posits 

that a primary dysregulation of the adaptive immune system targets CNS elements and 

drives demyelination, mounting clinicopathological evidence also supports an “inside–out” 

framework in which early oligodendroglial/axon–myelin unit disturbances precede—and 

possibly trigger—secondary autoimmune responses (Stys et al., 2012; ’t Hart et al., 2021). In 

particular, early abnormalities at the inner myelin lamellae, myelin–axon detachment 

(“blistering”), and the presence of post-translationally modified myelin (e.g., citrullinated 

epitopes) in NAWM have been proposed as candidate primary lesions capable of releasing 

antigenic debris and biasing immune recognition in predisposed hosts (Stys et al., 2012; ’t 
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Hart et al., 2021). Within this framework, diffuse axonal caliber enlargement detectable by 

MRI in NAWM may index early axon–myelin unit stress—whether intra-axonal swelling or 

periaxonal space expansion—occurring upstream of overt focal demyelination and before 

robust lymphocytic infiltration becomes apparent. These considerations do not exclude an 

immune contribution; rather, they reconcile our observations with a sequence in which early 

axon–myelin abnormalities can prime or amplify immune reactivity in susceptible individuals. 

Building on these neuropathological findings, it is reasonable to expect that axonal damage 

in MS would manifest as an increase in axonal caliber detectable through MRI. Although a 

prior MRI study reported increased axonal diameter in MS (Huang et al., 2016), these 

findings were not validated. Furthermore, this previous work focused on the corpus 

callosum; our study demonstrates a diffuse increase in the MRI-derived axonal diameter 

proxy across all major white matter tracts in MS patients, indicating widespread axonal 

pathology in NAWM. 

Notably, our analysis revealed a significant negative correlation between MRI-derived axonal 

diameter proxy and disease duration, suggesting that axonal swelling is an early event in MS 

pathogenesis. Patients with a disease duration of less than five years exhibited the most 

pronounced axonal swelling, whereas those with longer disease durations showed reduced 

axonal diameter proxies. This finding suggests that early axonal enlargement may be a 

transient or reversible phenomenon, potentially reflecting an initial response to injury. 

Furthermore, no other MRI parameters tested in our study were associated with disease 

duration, reinforcing the specificity of this finding. The observed reduction in axonal diameter 

over time likely reflects progressive axonal loss, supporting the hypothesis that an increased 

MRI-derived axonal diameter proxy is a marker of acute axonal damage. 

Our results provide strong evidence of a significant increase in MRI-derived axonal diameter 

across major white matter tracts, including the corpus callosum and corticospinal tract, 

suggesting widespread axonal pathology in NAWM. These findings align with 
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neuropathological evidence indicating that early axonal damage in MS is characterized by 

transient swelling before progressing to degeneration. 

Moreover, the negative correlation between MRI-derived axonal diameter and disease 

duration suggests that axonal swelling precedes overt demyelination and may serve as an 

initial response to injury. However, we found no significant associations between axonal 

diameter and clinical measures of disease severity, such as the Expanded Disability Status 

Scale (EDSS) or the Symbol Digit Modalities Test (SDMT). This absence of correlation may 

stem from several factors, including sample size limitations and compensatory mechanisms 

such as neuroplasticity and remyelination, which could mitigate the functional impact of early 

axonal pathology. 

These observations underscore the potential of advanced MRI-based imaging techniques 

not only to confirm axonal swelling as an early marker of MS pathology but also to facilitate 

disease monitoring and guide therapeutic interventions aimed at controlling disease 

progression. Future studies should aim to refine multicompartment diffusion models by 

incorporating more biologically accurate assumptions and expanding validation efforts 

across larger and more diverse patient cohorts. By improving our ability to detect and 

monitor early axonal pathology, these imaging modalities may ultimately contribute to earlier 

diagnosis, better prognostication, and more targeted therapeutic strategies in MS. 

VI.​ CONCLUSIONS 

Both studies advance noninvasive MRI techniques to detect specific pathological 

processes—axonal damage and glial activation in neuroinflammation. These conclusions 

underscore the importance of validating imaging biomarkers against histopathology and their 

potential to transform early diagnosis and therapeutic monitoring into neurological disorders. 

Diffusion MRI can noninvasively map and quantify neuroinflammatory processes, such as 

microglial and astrocyte activation, in vivo. This approach offers a translational tool for 
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studying neuroinflammation in neurodegenerative diseases (e.g., MS, Alzheimer’s) and 

assessing anti-inflammatory therapies. 

Key Findings: 

1.​ A multi-compartment diffusion MRI model distinguished microglial and astrocyte 

reactivity in rodent experimental paradigms of neuroinflammation (LPS-induced), 

neurodegeneration (ibotenic acid-induced), and demyelination (lysolecithin-induced). 

2.​ Histological validation (Iba1 for microglia, GFAP for astrocytes) confirmed 

MRI-detected changes in cellular morphology and density. 

3.​ The MRI parameters (e.g., stick fraction, dispersion parameter k) differentiated 

between microglial ramification, neuronal loss, and demyelination, highlighting the 

specificity of the technique. 

Axonal damage, detectable via noninvasive AxCaliber MRI, occurs early in MS and may 

drive disease progression. This method provides a sensitive biomarker for monitoring axonal 

pathology and evaluating therapies targeting neurodegeneration in MS. 

Key Findings: 

4.​ The AxCaliber MRI framework successfully detected acute axonal damage in a rat 

experimental paradigm of neurotoxin-induced axonal pathology. Histological 

(neurofilament staining) and electron microscopy validation confirmed increased 

axonal diameter as a marker of acute damage. 

5.​ In humans with relapsing-remitting MS, AxCaliber revealed diffuse increases in 

axonal caliber within NAWM, particularly in patients with shorter disease duration. 

This suggests axonal swelling is an early pathological event in MS, preceding overt 

demyelination or axonal loss. 

6.​ The MRI-derived axonal diameter proxy correlated with disease duration but did not 

show direct associations with clinical disability scores (e.g., EDSS), likely due to 

limited sample size or compensatory mechanisms. 
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VII.​ CONCLUSIONES 

Ambos estudios avanzan en el desarrollo de técnicas no invasivas de imagen por 

resonancia magnética (IRM) para detectar procesos patológicos específicos, como el daño 

axonal y la activación glial en la neuroinflamación. Estas conclusiones subrayan la 

importancia de validar los biomarcadores de imagen con histopatología y su potencial para 

transformar el diagnóstico precoz y el monitoreo terapéutico en los trastornos neurológicos. 

La RM por difusión puede mapear y cuantificar de forma no invasiva procesos 

neuroinflamatorios, como la activación de microglía y astrocitos, en sujetos vivos. Este 

enfoque ofrece una herramienta translacional para estudiar la neuroinflamación en 

enfermedades neurodegenerativas (por ejemplo, esclerosis múltiple y Alzheimer) y para 

evaluar terapias antiinflamatorias. 

Hallazgos clave: 

1.​ El modelo de RMI por difusión de múltiples compartimentos logró diferenciar la 

reactividad de microglía y astrocitos en paradigmas experimentales en roedores de 

neuroinflamación (inducida por LPS), neurodegeneración (inducida por ácido 

iboténico) y desmielinización (inducida por lisolectina). 

2.​ La validación histológica (Iba1 para microglía y GFAP para astrocitos) confirmó los 

cambios detectados por RMI en la morfología y densidad celular. 

3.​ Los parámetros obtenidos por RMI (por ejemplo, fracción de bastón, parámetro de 

dispersión k) permitieron diferenciar entre ramificación microglial, pérdida neuronal y 

desmielinización, lo que resalta la especificidad de la técnica. 

El daño axonal, detectable mediante la técnica no invasiva AxCaliber MRI, ocurre en etapas 

tempranas de la esclerosis múltiple (EM) y puede impulsar la progresión de la enfermedad. 

Este método proporciona un biomarcador sensible para monitorear la patología axonal y 

evaluar terapias dirigidas a la neurodegeneración en EM. 
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Hallazgos clave: 

4.​ El modelo AxCaliber MRI detectó exitosamente daño axonal agudo en un paradigma 

experimental con ratas basado en neurotoxinas. La validación con histología (tinción 

de neurofilamentos) y microscopía electrónica confirmó el aumento del diámetro 

axonal como un marcador de daño agudo. 

5.​ En humanos con EM remitente-recurrente, AxCaliber reveló aumentos difusos en el 

calibre axonal dentro de la sustancia blanca aparentemente normal (NAWM), 

especialmente en pacientes con menor tiempo desde el diagnóstico. Esto sugiere 

que la hinchazón axonal es un evento patológico temprano en la EM, que precede a 

la desmielinización evidente o la pérdida axonal. 

6.​ El parámetro de diámetro axonal derivado de la RM mostró correlación con la 

duración de la enfermedad, pero no se asoció directamente con las puntuaciones de 

discapacidad clínica (por ejemplo, EDSS), probablemente debido al tamaño limitado 

de la muestra o a mecanismos compensatorios. 
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Abstract Axonal degeneration is a central pathological feature of multiple sclerosis and is 
closely associated with irreversible clinical disability. Current noninvasive methods to detect axonal 
damage in vivo are limited in their specificity and clinical applicability, and by the lack of proper 
validation. We aimed to validate an MRI framework based on multicompartment modeling of the 
diffusion signal (AxCaliber) in rats in the presence of axonal pathology, achieved through injection of 
a neurotoxin damaging the neuronal terminal of axons. We then applied the same MRI protocol to 
map axonal integrity in the brain of multiple sclerosis relapsing-remitting patients and age-matched 
healthy controls. AxCaliber is sensitive to acute axonal damage in rats, as demonstrated by a signif-
icant increase in the mean axonal caliber along the targeted tract, which correlated with neurofila-
ment staining. Electron microscopy confirmed that increased mean axonal diameter is associated 
with acute axonal pathology. In humans with multiple sclerosis, we uncovered a diffuse increase in 
mean axonal caliber in most areas of the normal-appearing white matter, preferentially affecting 
patients with short disease duration. Our results demonstrate that MRI-based axonal diameter 
mapping is a sensitive and specific imaging biomarker that links noninvasive imaging contrasts with 
the underlying biological substrate, uncovering generalized axonal damage in multiple sclerosis as 
an early event.

Editor's evaluation
This is a valuable study that aims to validate and translate an established non-invasive proxy measure 
of axonal diameter that is derived from magnetic resonance imaging. The results are solid, demon-
strating alterations in the proxy measure in rodent models of axonal damage and patients with 
multiple sclerosis. The Discussion acknowledges weaknesses relating to the details of modelling and 
signal-to-noise ratio of the measurements. This work will be of interest to researchers studying the 
microstructural changes in neurodegeneration.

Introduction
Axonal damage is the main pathological substrate of irreversible neurological disability in multiple 
sclerosis (MS). In MS, axonal damage can either be direct or secondary to demyelination, glial 
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activation, or exposure to excitatory amino acids and cytokines (Haines et al., 2011). As the transi-
tion to progressive MS occurs when an axonal loss threshold is reached, and the brain compensatory 
capacity is surpassed (Criste et al., 2014), the development of novel in vivo, noninvasive strategies for 
characterizing axonal microstructure becomes essential for early disease detection.

Magnetic resonance imaging (MRI), particularly diffusion-based approaches, has been applied in 
MS to investigate the white matter (WM) damage (Inglese and Bester, 2010). However, conven-
tional diffusion MRI is unspecific to different tissue compartments, such as axons or myelin (De Santis 
et al., 2014), hampering the ability to distinguish axonal damage from other microstructural changes. 
In addition, due to the limitations of quantitatively comparing in vivo to ex vivo data, validation of 
imaging findings is rarely performed (Horowitz et  al., 2015). While animal models recapitulating 
specific aspects of MS pathophysiology are available (Torkildsen et al., 2008, Constantinescu et al., 
2011), none focuses on axonal damage but rather on the demyelinating aspect of the disease.

AxCaliber is an advanced imaging framework able to estimate an MRI axonal diameter proxy (Assaf 
et al., 2008), which has become applicable in humans thanks to recent hardware advances (Jones 
et al., 2018). AxCaliber has revealed a higher axonal diameter proxy in the normal-appearing WM 
(NAWM) of the corpus callosum of MS patients compared to healthy controls, which was interpreted 
as a sign of axonal damage (Huang et al., 2016). However, in its original formulation, AxCaliber is 
only applicable to voxels characterized by a single fiber orientation (such as the corpus callosum, as 
in Huang et al., 2016), while at least 70% of brain voxels contain two or more dominant fiber orienta-
tions (Jeurissen et al., 2013). Recently, we used a modified AxCaliber model to map whole-brain MRI 
axonal diameter proxy (De Santis et al., 2019b), hence providing a means to characterize the axonal 
damage in MS in a whole-brain fashion.

From a pathophysiological point of view, measuring a higher estimated MRI axonal diameter proxy 
in MS does not, per se, represent conclusive evidence of axonal damage, especially in the light of 
the known bias toward larger axons of MRI-based axonal diameter quantification (Horowitz et al., 
2015). Indeed, MRI sensitivity to axonal pathology is yet to be fully demonstrated to establish its 
clinical utility. Recently, an approach to selectively manipulate specific microstructural aspects of the 
parenchyma through targeted, unilateral injection of neurotoxic agents has been proposed (Garcia-
Hernandez et al., 2022).

In this study, we aimed to (i) validate AxCaliber-based axonal mapping in a preclinical model of 
fimbrial damage induced by stereotaxic injection of ibotenic acid into the hippocampus and (ii) trans-
late the model to investigate changes in axonal microstructure in the brain white matter of patients 
with MS, particularly in normal-appearing tissue where pathological microstructural abnormalities 
have been previously reported (Luchicchi et al., 2021). Specifically, we (iia) compared whole-brain, 
voxelwise MRI axonal diameter proxy in MS patients relative to healthy controls and (iib) tested the 
association between clinical features and the MRI axonal diameter proxy in MS patients. We uncov-
ered an abnormal increase in the MRI axonal diameter proxy in NAWM in MS, outside the inflamma-
tory lesions, which was greater in patients with short disease duration, implicating axonal pathology 
as a primary event in MS pathogenesis.

Results
A rat model of acute axonal damage
Fourteen days after injection of the neurotoxin ibotenic acid into the hippocampus, paired t-test 
revealed a significant increase in the mean MRI axonal diameter proxy (p=0.021) in the fimbria 
belonging to the injected hemisphere compared to the control (Figure  1e), confirming that the 
damage affected a large portion of the tract. The other parameters extracted from the MRI analysis 
are not significantly different between hemispheres, although there is a tendency of reduced slope 
of the extra-axonal radial diffusivity decay for increasing diffusion time in the injected hemisphere 
(Figure 1—figure supplement 1). The fimbrias were reconstructed through Diffusion Tensor Imaging 
(DTI)-based tractography. Through tract-based analysis, we revealed a significant effect of the injec-
tion (F1,9=20.3, p=0.001), of the position along the tract (F48,432=83.9, p<0.001) and of their interaction 
(F48,432=5.7, p=0.003); post-hoc comparisons between injection type, performed for each position and 
corrected for multiple comparisons, revealed significant differences in the mean MRI axonal diam-
eter proxy between ibotenic acid- and saline-injected tracts in most parts of the tract. Significant 

https://doi.org/10.7554/eLife.79169
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differences were mostly localized posterior to the injection site (Figure 1d). In the subset of animals 
undergoing a protocol with lower b-values and a diffusion model not including the Δ dependency 
(AxCaliber), we obtained similar results (Figure 1—figure supplement 2).

When comparing immunofluorescence staining in ibotenic acid- versus saline-injected hemispheres, 
we confirmed both neuronal loss in the hippocampus (p=0.026, Figure 2a–b) and axonal damage in 
the fimbria (p=0.047, Figure 2c–d), corresponding to a lower staining intensity of neuronal nuclear 
protein (NeuN) and higher intensity of neurofilament staining in the hemisphere injected with ibotenic 
acid. No differences were found in the fimbria myelin content using Myelin Basic Protein (MBP) staining 
(Figure 2—figure supplement 1), suggesting that at the studied time point, axonal structure was signifi-
cantly altered, but the total myelin content was still preserved. Neurofilament fluorescence intensity 

Figure 1. Experimental model of axonal damage. (a) Experimental scheme of stereotaxic injections of ibotenic acid (IBO) in the left hippocampus 
of n=19 rats. The right hippocampus was injected with saline solution and used as a control. (b) Visualization of the injection setup. (c) Example of 
the tractography of the fimbriae from one representative animal, superimposed on the fractional anisotropy map. The MRI axonal diameter proxy is 
projected on the tract through color coding. (d) Mean difference and standard deviation between groups of MRI axonal diameter proxy measured 
across all the streamlines constituting the fimbria in the antero-posterior axis, starting from the injection point (n=10). The injection site is shown in red. 
Asterisks represent significant group effect in the ANOVA, while hashtags represent significant post-hoc differences between groups in each location, 
corrected for multiple comparisons. (e) Mean MRI axonal diameter proxy calculated in the ibotenic vs saline-injected fimbria reconstructed using 
tractography. Asterisks represent significant differences (n=10, paired t test across hemispheres, p=0.021).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Other MRI parameters in control vs injected fimbriae.

Figure supplement 2. Axonal diameter estimation using the low b-value MRI protocol.

Figure supplement 3. Comparison between linear and log(t)/t functional forms.

https://doi.org/10.7554/eLife.79169
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was significantly correlated with the axonal diameter proxy measured with MRI (r=0.54, p=0.029) in 
both the fimbria tract of injected and control hemispheres (Figure 2—figure supplement 2).

Scanning transmission electron microscopy (STEM) revealed increased axonal diameter in the hemi-
sphere injected with ibotenic acid, with no significant reduction in axonal count, indicating limited 
axonal loss, as reported in Figure 3. In Figure 3—figure supplement 1, the total brain shrinkage 
from in vivo to after perfusion was quantified in three animals as 28%. Since the post-fixation with 1% 
osmium tetroxide gives at least a 15% additional shrinkage (Kinney et al., 2013), the total shrinkage 
caused by the STEM preparation can be quantified as 39%.

Figure 2. Immunofluorescence validation of axonal damage. (a) NeuN staining in control vs. injected hippocampi. (b) Mean NeuN intensity in control 
vs. injected hippocampi. Asterisks represent significant differences across hemispheres (n=8, paired t test, p=0.026). (c) Neurofilament staining in control 
vs. injected fimbria. (d) Mean neurofilament intensity in control vs. injected hippocampi. Asterisks represent significant differences in means across 
hemispheres (n=8, paired t test, p=0.047).

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Myelin Basic Protein staining in injected versus control fimbria.

Figure supplement 2. Correlation between MRI and histology.

https://doi.org/10.7554/eLife.79169
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Axonal damage in normal-appearing white matter of multiple sclerosis 
patients
After preclinical validation in rats, we applied the clinical version of the AxCaliber MRI protocol to 
a cohort of 11 MS patients and 10 age-matched healthy controls. When comparing the MRI axonal 
diameter proxy in the NAWM of MS patients and controls, we found higher values in the MS group 
(p<0.05, corrected; Figure  4). The differences were mostly symmetrical across hemispheres and 
involved all major WM tracts, notably: the corpus callosum, the corticospinal tract, the internal capsule, 
the corona radiata, the thalamic radiation, the inferior longitudinal fasciculus, the cingulum, the fornix, 
the superior longitudinal fasciculus, the inferior fronto-occipital fasciculus, the uncinate fasciculus, and 
the tapetum.

Axonal diameter is preferentially increased in patients with early 
disease
Next, we tested for associations between the measured MRI axonal diameter proxy and the disease 
duration. The rationale is that axonal swelling could be an early event in the disease, as suggested by 
postmortem evidence (Luchicchi et al., 2021).

Tract-based spatial statistics unveiled a trend of negative correlation between the magnitude of 
the MRI axonal diameter proxy in patients and the disease duration, as shown in Figure 5a. When 
comparing average values of MRI axonal diameter proxy in the whole white matter (excluding lesions 
in MS) between groups (controls, short and long disease duration), we report a significant group effect 

Figure 3. Electron microscopy shows increased mean axonal diameter in ibotenic-injected hemisphere compared to saline. (a) Representative STEM 
photos for saline and ibotenic acid fimbriae. Segmented axons are overlaid in light blue. (b) Histogram of the axonal count in one representative animal: 
upper line, saline injected, lower line, ibotenic. Black lines represent the gamma function better fitting the histogram. (c) Mean axonal diameter (left) and 
count (right) in each photo and group. Asterisks represent significant unpaired t test differences between groups for axonal diameter (n=6, p=0.00013).

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Brain shrinkage during histology.

https://doi.org/10.7554/eLife.79169
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in the ANOVA (F2,18=9.2, p=0.002). MS patients for whom the disease onset was less than 5 years prior 
to the MRI scan had increased axonal diameter compared to controls (p=0.001, corrected for multiple 
comparisons), while this increase was not significant in MS patients with a longer disease course 
(p=0.18). We did not find significant associations between axonal diameter and other tested clin-
ical variables of neurological disability and information processing speed (Expanded Disability Status 
Scale [EDDS] and Symbol Digit Modalities Test [SDMT]).

Finally, we tested both group differences and associations with disease duration for the rest of the 
parameters extracted in the MRI analysis. While both the slope of the extra-axonal radial diffusivity 
decay for increasing diffusion time and the restricted signal fraction are significantly reduced in a 

Figure 4. Axonal damage in MS normal-appearing white matter. (a) Experimental scheme. (b) Tract-based spatial statistics showing voxels in which 
the mean MRI axonal diameter proxy is significantly increased in multiple sclerosis versus healthy conditions (n=21, p<0.05, corrected). The opposite 
contrast was not statistically significant. Green: skeletonized white matter. Inflated red-yellow (through the pipeline tbss_fill): significant p value. Red-
yellow: p-value <0.1.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Slope of extra-axonal radial diffusivity and restricted signal fraction in patients vs. controls.

Figure supplement 2. Rician simulations showing accuracy of MRI axonal diameters proxy.

https://doi.org/10.7554/eLife.79169
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portion of the normal-appearing white matter in MS (reported in Figure 4—figure supplement 1), no 
MRI parameter except the MRI axonal diameter proxy is significantly associated with disease duration.

Discussion
In this work, we used a preclinical model of acute axonal damage to demonstrate that MRI-based 
axonal diameter mapping is sensitive to axonal degeneration. We then applied the same MRI preclin-
ical protocol to a cohort of patients with MS and age-matched healthy controls, uncovering diffuse 
axonal damage in the NAWM of MS patients that was inversely associated with disease duration.

Neuropathologically, early axonal damage in MS manifests through the formation of varicosities 
and spheroids that enlarge the axonal diameter and are associated with impaired axonal transport 
(Criste et al., 2014). Accordingly, histological postmortem (Bergers et al., 2002) and animal studies 
(Nikić et al., 2011) report an increase in the mean axonal diameter in MS compared to controls in 
demyelinating and non-demyelinating areas. This increase is also influenced by the higher vulnera-
bility of smaller axons compared to larger ones (Tallantyre et al., 2010), which implies that smaller 
axons are lost earlier. Histological alterations in axonal morphology have also been observed in the 

Figure 5. Axonal diameter is preferentially increased in patients with early MS. (a) Tract-based spatial statistics showing voxels in which a trend of 
negative association between the MRI axonal diameter proxy and the disease duration (DD) in patients is present (n=11, p<0.1; lowest p-value = 
0.051 corrected). Green: skeletonized white matter. Bluel-light blue: p value. (b) Mean axonal diameter in the whole with matter of healthy controls 
(n=10, green), MS patients early in the disease course (n=4, <5 years, in red) and MS patients with a longer disease trajectory (n=7, ≥ 5 years, dark red). 
Asterisks represent unpaired post-hoc group differences following significant group effect in the ANOVA. (c) Schematic progression of early axonal 
damage. Figure 5c has been adapted from Figure 1E from Luchicchi et al., 2021.

https://doi.org/10.7554/eLife.79169
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NAWM of MS brain specimens in the absence of inflammation (Luchicchi et al., 2021), suggesting 
that an imbalance of axon-myelin units could represent the primary event in MS pathogenesis.

Based on neuropathological evidence, axonal damage in MS would reasonably manifest as an 
increase in axonal caliber measured with imaging. An increase in axonal diameter in MS was indeed 
reported in previous MRI studies (Huang et  al., 2016), but the results were not validated. In the 
context of multicompartment models for diffusion signals, comparing imaging results with patholog-
ical evidence is fundamental to validate the model, as multicompartment models make numerous 
assumptions and simplifications (to cite a few: fixed diffusivities [Alexander et al., 2010], no exchange 
[Lasič et al., 2011], indirect account of the volume occupied by myelin [Assaf et al., 2008]).

Previous studies reported correlations between the axonal diameter measured with MRI and 
axonal caliber estimated using electron microscopy in healthy tissue (Barazany et al., 2009), but 
with a reduced sample size. In addition, none thus far have demonstrated that AxCaliber is sensitive 
to axonal damage. Quantitative comparison between MRI maps and stained sections is severely 
hampered by the fixation process and other limitations (Horowitz et al., 2015; Barakovic et al., 
2023); here, we used a well-characterized rodent model in which the axonal compartment is selec-
tively damaged. This approach has been previously used to prove the capability of diffusion MRI to 
dissect astrocyte and microglia reactivity in gray matter (Garcia-Hernandez et al., 2022). Here, we 
detected increased neurofilament staining intensity in the damaged tract, demonstrating altered 
axonal morphology without alteration in the total amount of myelin. This change is picked up by 
MRI as an increase in the MRI axonal diameter proxy. Electron microscopy and axonal diameter 
quantification demonstrate that the increase observed in imaging reflects true morphological axonal 
alterations, hallmarks of axonal pathology. The significant correlation between neurofilament staining 
intensity and the MRI axonal diameter proxy further validates the imaging parameter as a marker of 
axonal damage, and is compatible with recent work studying the association of MRI metrics sensitive 
to axonal pathology and the serum neurofilament light chain biomarker in humans (Rahmanzadeh 
et al., 2021). Overall, our preclinical results show that axonal diameter mapping through MRI can 
detect axonal pathology in vivo and can thus be used as a biomarker of axonal damage in MS 
and possibly other neurological diseases. These results are extremely important given the ongoing 
debate on the discrepancy between MRI axonal diameter proxy and axonal diameter measured 
in fixated tissue using electron microscopy. The fact that both MRI and STEM detect a significant 
increase in the axonal diameter reconciles such findings, demonstrating that while absolute quanti-
fication of axonal caliber might differ (with MRI consistently overestimating axonal diameter due to 
higher weightings of larger axons, and STEM consistently underestimating axonal diameter due to 
heavy tissue fixation, as shown by our shrinkage analysis), both are sensitive to the same underlying 
pathological phenomenon. In many clinical contexts, detecting differences in pathological versus 
healthy conditions is far more interesting and valuable than absolute quantification, and we firmly 
believe this result validates the use of MRI-based axonal diameter mapping. In addition, we quan-
tified the shrinkage due to the sample processing as high as 39% in our preparation. While this 
value cannot be directly used to correct STEM quantification, due to possible different shrinkage of 
extra- and intracellular space (Barakovic et al., 2023), it partially explains the discrepancy between 
STEM and MRI axonal diameter proxy, validating even further the used framework. Since this is an 
often-disregarded issue, we believe that this piece of information would help future validation of 
MRI-based microstructural characterization.

Our work used an AxCaliber formulation that allows accounting for multiple fibers and thus 
accesses whole-brain axonal diameter mapping. Indeed, while previous findings focused on the 
corpus callosum (Huang et al., 2016), our results indicate an increase in MRI axon diameter proxy in 
MS patients in all the major tracts, demonstrating diffuse axonal pathology in the NAWM. Notably, the 
combination of whole brain mapping and a larger sample size uncovered significant negative associ-
ations between MRI axonal diameter proxy and disease duration, suggesting enlarged axonal caliber 
as an early event in MS pathogenesis, as illustrated in Figure 5c. Other tested MRI parameters are not 
associated with disease duration. This result indicates that consolidated axonal loss can manifest as a 
reduction in axonal diameter, meaning that the increase in the MRI axonal diameter proxy observed in 
our MS population is a candidate marker for acute axonal damage. The presence of axonal pathology 
so early in the disease is an incredibly meaningful result that puts the spot of MS pathogenesis in 
degeneration rather than myelin loss (Luchicchi et al., 2021).

https://doi.org/10.7554/eLife.79169
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The lack of significant correlations with clinical variables (EDSS and SDMT) can possibly be 
explained by a lack of power due to limited sample size or potentially compensatory phenomena in 
our MS population, mainly composed of patients with relatively low disease scores. Although out of 
the scope of this work, it would be interesting to assess whether the MRI axonal diameter proxy is 
associated with more relevant clinical measures like the disability progression independent of relapse 
activity (Granziera et al., 2023).

This study has some limitations. Despite some inevitable minor differences due to different brain 
sizes and magnet features, the human protocol was built to match the main characteristics of the 
preclinical diffusion sequence, such as the b-value and diffusion time range. The chosen b-value has 
been a compromise between sensitivity to small structures and the signal-to-noise ratio (SNR) achiev-
able in vivo and in the MS population, as indicated by recent animal (Crater et al., 2022) and human 
(Jensen et al., 2016; McKinnon et al., 2017; Moss et al., 2019) work, pointing at 3000–4000 s/
mm2 as the b-value for which the intra-axonal water signal starts to be observable. While some works 
question this value as too low to detect intra-axonal signal (Veraart et al., 2020), our shrinkage anal-
ysis suggests that current estimated sizes fed into the calculation to determine the minimum b-value 
needed to measure axonal diameter through MRI, as the one reported in De Santis et al., 2016, 
should be updated. However, while feasible in vivo and in patients, this modest b-value is still subop-
timal to measure axonal diameter, and higher b-values can boost the sensitivity to the intra-axonal 
compartment (Veraart et al., 2020; Barakovic et al., 2023). In this context, including spherical mean 
techniques might improve axonal diameter and intra-axonal diffusivity estimations by factoring out 
the effect of fibre distribution, and by providing better SNR (Fan et al., 2020; Veraart et al., 2020; 
Dhital et al., 2019).

In a subset of animals, we tested a protocol with a lower b-value and a simpler AxCaliber model 
(without diffusion time dependency), with the aim of facilitating future clinical AxCaliber studies. We 
found no qualitative differences in the outcome: MRI axonal diameter proxy was increased following 
fimbria damage. This result should be taken with caution due to possible predominance of extra-
axonal signal as a confounding factor (Burcaw et al., 2015); thus, further work and perhaps more real-
istic simulations, considering real cell composition and morphology, are needed to clarify this issue.

We must emphasize that our quantification of the axonal diameter distribution is conducted 
through a Poisson distribution, which utilizes a single parameter to define both the average and 
dispersion. Consequently, our current methodology does not permit us to ascertain whether the 
observed increase is attributable to a preferential loss of small caliber axons or axonal swelling. Future 
investigations employing a more comprehensive experimental protocol and higher b-value, possibly 
using non-parametric estimates as done by Romascano et al., 2020, may provide the opportunity 
to measure the full diameter distribution, thereby offering more detailed insights into the underlying 
pathology.

In addition, the AxCaliber model does not take into account fiber dispersion present in the white 
matter. While some work point at modest values of dispersion at least in single-fiber areas (Mollink 
et al., 2017), other measured values as high as 20 degrees (Ronen et al., 2014; Lee et al., 2019). 
While it is reasonable to expect that some axonal directional dispersion in areas of a single fiber is 
likely accounted for by the second fiber population, possibly mitigating the effect, future work should 
include spherical mean techniques to fully remove this bias.

It is important to stress that the aim of this work is not to propose a new animal model of MS, a 
disease that only affects humans, but rather to validate axonal damage detection (independently from 
the pathology that has induced it) through noninvasive MRI, and apply the framework to characterize 
axonal pathology in MS. The same innovative validation framework proposed here can be used in the 
future to dissect the sensitivity of other more refined methods to detect axonal pathology.

We cannot exclude that other pathological processes including glial activation and gliosis could 
have contributed, at least in part, to the observed changes in diffusion measures. However, in contrast 
to our findings of axonal swelling, these processes tend to increase with advancing of disease duration 
and stage (Gallego-Delgado et al., 2020). Additionally, pathological glial changes in MS do not occur 
in isolation but often in association with axonal changes. Future diffusion models combining estimates 
of changes either in soma or fiber diameter and density could help further elucidate this aspect.

Last, the method has been demonstrated preclinically only looking at one specific tract (the fimbria, 
as the tract with the largest number of hippocampal projections in the rat); however, it would be 

https://doi.org/10.7554/eLife.79169
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straightforward to extrapolate our results to other tracts. Future studies are needed to demonstrate 
this.

In conclusion, given the central role of axonal pathology in MS, developing and validating strat-
egies for early detection of axonal damage, in vivo and noninvasively, is of high priority; our results 
have the potential to improve early detection and monitoring of axonal pathology in the disease, as 
well as provide a novel imaging marker for monitoring the effects of treatments on the progression 
of axonal degeneration.

Materials and methods
Animal preparation
Animal preparation (n=19 rodents) was carried out as described before (Garcia-Hernandez et al., 
2022). Briefly, axonal damage in the fimbria was achieved by injecting 1 μl of ibotenic acid (a selective 
agonist of N-methyl-D-aspartate (NMDA) glutamate receptors that produces selective neurotoxicity 
Zinkand et al., 1992) at a concentration of 2.5 μg/μl in the dorsal hippocampus (coordinates bregma 
–3.8 mm, sup-inf 3.0 mm, 2 mm from the midline in the left hemisphere) (Figure 1a). Each animal 
was used as its own control by injecting the same amount of saline in the opposite hemisphere. The 
injection does not infect the contralateral structure, as previously reported (Garcia-Hernandez et al., 
2022). Neuronal degeneration in the hippocampus translates into axonal loss in its major axonal 
output bundle, the fimbria, which is therefore used as a model for Wallerian-like axonal degeneration 
(Conforti et al., 2014). Fourteen days after surgery, rats underwent MRI scans in vivo using the AxCal-
iber protocol and were immediately perfused. N=9 animals were processed for immunohistological 
analysis, while n=6 animals were prepared for electron microscopy pipeline. Histological analysis was 
used to stain neuronal somas (NeuN) and quantify neuronal death in the hippocampus, neurofilaments 
and MBP to quantify axonal integrity and myelination in the fimbria, respectively. Electron microscopy 
was used to quantify axonal diameter and count in the fimbriae. N=3 additional animals were used to 
measure brain shrinkage from the in vivo condition to post-perfusion, post-fixation and post- sample 
embedding.

Subjects
The local institutional review board approved this study and written informed consent was obtained 
from all participants. Eleven MS patients (age range 26–57, 6 males) and ten healthy controls (age 
range 23–53, 4 males) participated in the study. The minimum sample size needed to detect the effect 
was calculated based on previous literature (Huang et al., 2016). Age and sex were matched across 
groups. Eligibility criteria in patients were a diagnosis of relapsing-remitting MS (Polman et al., 2011), 
being on stable disease-modifying treatment or no treatment for at least 3 months, absence of clinical 
relapse within 3 months, and absence of corticosteroid use within one month from study enrollment. 
A neurologist assessed physical disability according to the EDSS (Kurtzke, 1983) and cognitive ability 
using the SDMT. Demographic and clinical data are shown in Table 1.

Table 1. Demographic characteristics of the studied cohort, including age/sex, disease duration, 
EDSS, SDMT, and MS treatment.
The reported p-value is the outcome of the chi-square test comparing MS and healthy controls.

HC (n=10) MS (n=11) p value

Age (mean and SD) 35 y +/-11 y 43 y +/-12 y 0.27

Sex 6 M 4 M 0.13

Disease duration (mean and SD) - 6.40 +/-5.47

EDSS (median, min/max) - 2 1/4.5

SDMT (mean z score and SD) - –0.70 +/-1.47

Medication -
1 avonex; 1 plegridy; 2 tecfidera; 1 gilenya; 3 
ocrelizumab; 2 copaxone; 1 Rituximab

https://doi.org/10.7554/eLife.79169
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MRI acquisition
Rats
MRI was performed on a 7T scanner (Bruker, BioSpect 70/30, Ettlingen, Germany) featuring a 
maximum gradient intensity of 700 mT/m. Diffusion Weighted Magnetic Resonance Imaging (DW-
MRI) data were acquired using a stimulated echo planar imaging diffusion sequence, with 132 uniform 
distributed gradient directions, b=0 (3), 2000(15) and 4000(15) s/mm2, diffusion times (Δ) 15, 25, 40 
and 60ms, diffusion pulse width 5ms, diffusion duration of 5ms, repetition time (TR)=7000ms and 
echo time (TE)=25ms. Fourteen slices were set up centered in the fimbria with field of view (FOV)=25 
× 25 mm2, matrix size = 110 × 110, in-plane resolution = 0.225 × 0.225 mm2 and slice thickness = 
0.6 mm. The total acquisition time was 1 hr. A subset of nine animals underwent a similar protocol, 
with slightly lower b-values (1000 and 2500 s/mm2) to explore a protocol with better clinical compat-
ibility. Finally, three animals underwent a T2-weighted high resolution MRI protocol with full brain 
coverage to measure the brain volume in vivo. The T2-weighted sequence was acquired using a 
Rapid Acquisition with Relaxation Enhancement sequence with TR = 6253ms, TE = 11ms, 4 averages. 
Fifty-six slices covered the whole brain with field of view 25×25 mm2, matrix size 200×200, in-plane 
resolution 0.125×0.125 mm2 and slice thickness 0.5 mm.

Humans
All participants were scanned on a Siemens 3T Connectom scanner, a customized 3T MAGNETOM 
Skyra system (Siemens Healthcare, Erlangen, Germany) housed at the MGH/HST Athinoula A. Martinos 
Center for Biomedical Imaging, Boston, Massachusetts, USA. The Connectom scanner is equipped 
with gradient coils capable of generating a maximum gradient strength of 300 mT/m, hence allowing 
minimization of δ (gradient duration) and echo times even at high b-values. A 64-channel brain array 
coil (Keil et al., 2013) was used for data acquisition. DW-MRI data were acquired using a spin echo 
echo planar imaging diffusion sequence, with 273 uniformly distributed gradient directions, b=0 (1), 
2000(30), and 4000(60) s/mm2, diffusion times (Δ) 17, 35, and 61 ms with four nondiffusion weighted 
images, diffusion pulse width 7ms, TR = 5000 ms and TE = 89ms. Eighty-two slices were set up to 
cover the whole brain with FOV = 220 × 220 mm2, matrix size = 110 × 110, in-plane resolution = 2 × 2 
mm2 and slice thickness = 2 mm, partial Fourier factor 7/8, GRAPPA acceleration factor 2. In addition, 
anatomical images were acquired using 3D sequences with a 1.0 mm isotropic voxel size: T1-weighted 
multiecho magnetization-prepared rapid gradient-echo images were acquired in all participants (van 
der Kouwe et al., 2008). Fluid-attenuation inversion recovery (FLAIR) images were also acquired in 
MS patients for white matter lesion segmentation. The total acquisition time was around 1 hr.

Tissue processing for immunohistochemistry
Rats were deeply anesthetized with a lethal dose of sodium pentobarbital, 46 mg/kg, injected intra-
peritoneally (Dolethal, E.V.S.A. laboratories., Madrid, España). Rats were then perfused intracardially 
with 100 ml of 0.9% phosphate saline buffer (PBS) and 100 ml of ice-cold 4% paraformaldehyde (PFA, 
BDH, Prolabo, VWR International, Louvain, Belgium). Then, brains were immediately extracted from 
the skull and fixed for 1 hr in 4% PFA. Afterwards, brains were included in 3% agarose/PBS (Sigma‒
Aldrich, Madrid, Spain) and cut in a vibratome (VT 1000 S, Leica, Wetzlar, Germany) into 50-μm-thick 
serial coronal sections.

Coronal sections were rinsed and permeabilized three times in 1 x PBS with Triton X-100 at 0.5% 
(Sigma‒Aldrich, Madrid, Spain) for 10 min each and then blocked in the same solution with 4% bovine 
serum albumin (Sigma-Aldrich, Madrid, Spain) and 2% goat serum donor herd (Sigma-Aldrich) for 
2 hr at room temperature. The slices were then incubated overnight at 4 °C with primary antibodies 
against myelin basic protein (1:250 Millipore Cat# MAB384-1ML, RRID:AB_240837), neurofilament 
160 kD medium (1:250, Abcam Cat# ab134458, RRID:AB_2860025) and NeuN (1:250, Millipore 
Cat# MAB377, RRID:AB_2298772) to label myelin, axonal processes and nuclei, respectively. The 
sections were subsequently incubated in specific secondary antibodies conjugated to the fluores-
cent probes, each at 1:500 (Molecular Probes Cat# A-11029, RRID:AB_2534088; Molecular Probes 
Cat# A-11042, RRID:AB_2534099) for 2  hr at room temperature. Sections were then treated with 
4′,6-Diamidine-2′-phenylindole dihydrochloride at 15 mM (DAPI, Sigma-Aldrich) for 15 min at room 
temperature. Finally, sections were mounted on slides and covered with an anti-fading medium 
using a mix solution 1:10 Propyl-gallate: Mowiol (P3130, Sigma-Aldrich; 475904, MERCK-Millipore, 
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Massachusetts, United States). For myelin labeling, antigen retrieval was performed in 1% citrate 
buffer (Sigma-Aldrich) and 0.05% Tween 20 (Sigma-Aldrich) warmed to 80 °C for protein unmasking.

The tissue sections were then examined using a computer-assisted morphometry system consisting 
of a Leica DM4000 fluorescence microscope equipped with a QICAM Qimaging camera 22577 
(Biocompare, San Francisco, USA) and Neurolucida morphometric software (MBF, Biosciences, VT, 
USA). Myelin, neurofilament and neural nuclei fluorescent analysis was performed using Icy software 
(de Chaumont et al., 2012). For neural nuclei, two ROIs of 200 µm2 were placed per hippocampus 
per hemisphere in at least 5 slices per rat to obtain the corresponding intensity values. Similarly, for 
MBP and neurofilaments, an ROI of 400 µm2 was placed per fimbria per hemisphere in at least 5 slices 
per rat.

Tissue processing for electron microscopy
Rats were deeply anesthetized with a lethal dose of sodium pentobarbital, 46 mg/kg, injected intra-
peritoneally (Dolethal, E.V.S.A. laboratories., Madrid, Spain). Afterwards, rats were transcardially 
perfused with 100 ml of 0.9% PBS and 100 ml of a fixative solution containing 2% paraformaldehyde 
and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) (Electron Microscopy Science, USA). 
The brains were quickly removed and postfixed overnight in the same fixative solution at 4 °C. The 
following day, the brains were washed with 0.1 M cacodylate buffer. Subsequently, the fixed brains 
were sliced into 250-µm-thick horizontal sections using a vibratome (Leica VT1000S, Germany). The 
sections were collected in cacodylate buffer, and those containing the fimbria were washed three 
times with 0.1 M cacodylate buffer for 15 minutes each, and subsequently postfixed with 1% osmium 
tetroxide in 0.1 M cacodylate buffer for 1.5 hr at 4 °C. The tissue was then washed in distilled water 
twice for 15 min each and dehydrated in a graded series of ethanol solutions, followed by propylene 
oxide. The sections were then infiltrated with a mixture of propylene oxide and Agar 100 embedding 
resin (Agar Scientific, UK) for 2 hr at room temperature, and then placed in fresh embedding resin 
overnight at room temperature. The following day, the samples were transferred to fresh embedding 
resin and polymerized for 30 hr at 60 °C in flat silicon moulds. Ultrathin sections (90 nm) were cut using 
an ultramicrotome (Leica UC7) and placed on formvar-coated copper slot grids. The ultrathin sections 
were then stained with lead citrate and imaged using STEM on a scanning electron microscope (Zeiss 
GeminiSEM 460, Germany).

Photos were binarized, and axons were quantified semiautomatically by two operators blind to 
animals and conditions (ACC and SDS). While the cell’s inner area is detected automatically using the 
MATLAB function bwconncomp, nonaxonal structures are eliminated via visual screening. Six photos 
per condition per animal were analyzed, generating a total segmented number of axons of 12272. 
Axonal diameter and count were compared across conditions using an unpaired t test.

Volume measurements
Volume measurements were taken using high-resolution T2-weighted images for in vivo conditions. 
Four different measurements were obtained for ex vivo conditions: immediately after perfusion, and 
at 4-, 7-, and 10 days post-perfusion. The volumes were extracted as follows: in vivo volumes were 
calculated by counting the number of voxels corresponding to brain tissue in the high-resolution 
T2-weighted images, multiplied by the voxel volume. The volume of the perfused brains was measured 
using Archimedes’ principle. Briefly, a predetermined volume of fresh fixative solution was placed in a 
test tube, and the fixed brain was inserted into it. The difference between the final and initial volumes 
was considered as the volume occupied by the brain.

Data analysis
Paired t tests were used to assess the differences in histological quantities between injected versus 
control hemispheres. Diffusion-weighted rat MRI data were preprocessed as described here (De 
Santis et  al., 2019a). The mean signal-to-noise (SNR) of the b0 images, calculated according to 
Aja-Fernández et al., 2015 was 11.2 for rats (fimbria average) and 17.3 for humans (white matter 
average). We also tested an alternative method (Koay and Basser, 2006) for SNR calculation. While 
the average SNR quantification was very similar between the two approaches, in the Koay and Basser 
SNR maps we observed artefacts due to the iterative process, so we decided to use the method by 
Aja-Fernández et al., 2015.

https://doi.org/10.7554/eLife.79169
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Human diffusion-weighted MRI data were preprocessed with software tools in FreeSurfer V5.3.0 
(https://surfer.nmr.mgh.harvard.edu) and FSL V5.0 (https://fsl.fmrib.ox.ac.uk). Preprocessing included 
gradient nonlinearity correction, motion correction, and eddy current correction, including corre-
sponding b-matrix reorientation. Additional preprocessing details are available at http://www.human-
connectome.org/. In both rats and humans, MRI data were employed to fit the AxCaliber model 
using in-house software written in MATLAB R2015b (The Mathworks) to extract the average axonal 
diameter proxy. The theoretical framework described here (De Santis et al., 2019b) was modified 
to include the dependency of the extra-axonal signal on the diffusion time through a linear term, 
in the form DRADIAL

ΔMIN+slope*(D- DMIN). While this is a simplification of the proposed Δ dependency 
(Burcaw et al., 2015), we believe that it is a parsimonious choice that is supported by the relatively 
short range of Δ values explored as compared to previous work exploring time dependency (De 
Santis et al., 2016; Fieremans et al., 2016), and also by comparison of a linear with a non-linear 
model in our data through a Bayesian information criterion (BIC), which preferred a linear fit over the 
expression used in De Santis et al., 2016 in 100% of the subjects. The comparison between the two 
functional forms fitted to the radial diffusivity for the dataset acquired with the lower b-value protocol 
is reported in Figure 1—figure supplement 3. The fit is implemented through a cascade model as 
done in Harms et al., 2017, so that an initial CHARMED fit (Assaf and Basser, 2005) is performed 
using the data acquired at the shorter diffusion time to initialize the volume fractions. The intra-axonal 
axial diffusivity and the main fiber orientations are estimated through the CHARMED fit and kept 
fixed in the AxCaliber fit. The radial diffusivity (at the shortest Δ) in the extra-axonal compartment 
is first modelled using the tortuosity approximation (Zhang et al., 2012), and then this constraint 
is released in a last iteration of model fitting where everything in the model is fixed except for the 
radial diffusivity and the noise factor. As such, the fitted parameters are: the restricted main orienta-
tions and fractions, the intra-axonal axial diffusivity, the extra-axonal radial diffusivity, the slope of the 
extra-axonal radial diffusivity decay for increasing Δ, the axonal diameter and the Rician noise term. 
For STEAM data, an additional T1 decay is included in the fit. The BIC preferred a mono-exponential 
T1 decay over a bi-exponential decay in 98% of the examined voxels. Simulations using Rician noise 
were run on 10^5 different combinations of parameters sampled randomly from a uniform distribu-
tion in the following ranges: axonal diameter 0.5–5 μm, volume fraction 0.1–0.5, intra-axonal axial 
diffusivity 0.7–2.2x10–3 mm2/s. The simulations were repeated with a narrower range of intra-axonal 
axial diffusivity (1.7–2.2x10–3 mm2/s) matching more closely the scenario proposed by Dhital et al., 
2019. Each configuration was simulated 10 times by adding different Rician random noise with two 
different values of SNRs, matching human and animal acquisitions. The results demonstrate excellent 
agreement between ground truth and fitted axonal diameter for both human and animal acquisitions: 
r=0.90 and 0.75 respectively for a single repetition, r=0.98 and 0.95 respectively for 10 repetitions, 
and r=0.92 and 0.79 respectively for the narrower intraaxonal axial diffusivity range. The simulations 
are shown in Figure 4—figure supplement 2.

For all MS patients, lesion masks were segmented on the FLAIR images using a semiautomated 
method (3D-Slicer v4.2.0; https://www.slicer.org).

In rats, the fimbria was reconstructed bilaterally using the DTI-based tractography (Figure  1b) 
algorithm in the software ExploreDTI (Leemans et al., 2009), which was set to employ the lowest 
Δ and b-value. Mean axonal diameter values along the tracts were obtained for each animal in both 
hemispheres. Injection sites were aligned and considered the origin of the analyzed tract portion. 
Paired t tests were used to assess differences in the axonal diameter between the injected and contra-
lateral fimbria, and repeated-measure ANOVA (factors: tract location, treatment (ibotenic acid vs. 
saline) and tract location*treatment) was used to assess the effect of ibotenic acid injection. p-Values 
were corrected according to Greenhouse-Geisser approach when sphericity assumption was not met. 
Post-hoc comparisons between treatment for each tract location were corrected for multiple compar-
isons according to the false discovery rate approach.

For groupwise analysis of NAWM, we employed a previously detailed approach (De Santis 
et al., 2019a). Briefly, fractional anisotropy maps (calculated using the lowest Δ and b-value) were 
employed to initialize the first steps of an improved version of the TBSS (Smith et al., 2006). This 
version performs the coregistration steps using extremely accurate tools (Klein et  al., 2009). The 
warping procedure accounts for lesion masks by excluding them from the similarity metric calculation, 
a permutation-based nonparametric inference approach to general linear modeling (Winkler et al., 
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2014). We tested for a general linear model comprising group and disease duration as regressors. Our 
hypothesis, compatible with postmortem evidence (Luchicchi et al., 2021), is that axonal blistering is 
an early event in the disease. Lesion masks were excluded from the statistical analysis, and multiple 
comparisons across clusters were controlled for by using threshold-free cluster enhancement. In addi-
tion, we tested for voxelwise associations of axonal diameter with EDSS and SDMT in MS patients 
only. Lastly, we calculate the average MRI axonal diameter proxy of each subject in the whole white 
matter (excluding lesions in MS) and compared the average across the three groups: healthy controls, 
MS with less than 5 years of disease duration, and MS with 5 or more years of disease duration.
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Figure 1. Experimental model of axonal damage. (a) Experimental scheme of stereotaxic injections of ibotenic acid (IBO) in the left hippocampus 
of n=19 rats. The right hippocampus was injected with saline solution and used as a control. (b) Visualization of the injection setup. (c) Example of 
the tractography of the fimbriae from one representative animal, superimposed on the fractional anisotropy map. The MRI axonal diameter proxy is 
projected on the tract through color coding. (d) Mean difference and standard deviation between groups of MRI axonal diameter proxy measured 
across all the streamlines constituting the fimbria in the antero-posterior axis, starting from the injection point (n=10). The injection site is shown in red. 
Asterisks represent significant group effect in the ANOVA, while hashtags represent significant post-hoc differences between groups in each location, 
corrected for multiple comparisons. (e) Mean MRI axonal diameter proxy calculated in the ibotenic vs saline-injected fimbria reconstructed using 
tractography. Asterisks represent significant differences (n=10, paired t test across hemispheres, p=0.021).

https://doi.org/10.7554/eLife.79169
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Figure 1—figure supplement 1. Other MRI parameters in control vs injected fimbriae. (a) Mean modulus of the slope of the dependency of the extra-
axonal radial diffusivity from the diffusion time calculated in the ibotenic vs saline-injected fimbria reconstructed using tractography. The slope is always 
negative. (b) Extra-axonal radial diffusivity. (c) Restricted signal fraction. No significant differences are found (n=9, paired t test across hemispheres, 
p=0.09, 0.67 and 0.46 respectively).

https://doi.org/10.7554/eLife.79169
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Figure 1—figure supplement 2. Axonal diameter estimation using the low b-value MRI protocol. (a) Mean difference and standard deviation between 
groups of axonal diameter measured across all the streamlines constituting the fimbria in the antero-posterior axis, starting from the injection point 
(n=9, low b-value protocol). The injection site is shown in red. Asterisk represents significant group effect in the ANOVA. (b) Mean MRI axonal diameter 
proxy calculated in the ibotenic vs saline-injected fimbria reconstructed using tractography. Asterisks represent significant differences (n=9, paired t test 
across hemispheres, p=0.000014).

https://doi.org/10.7554/eLife.79169
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Figure 1—figure supplement 3. Comparison between linear and log(t)/t functional forms. (a) The two functional forms tested to fit the decay of the 
extra-axonal radial diffusivity are shown as a function of the diffusion times for the radial diffusivity measured on the protocol with lower b-value. (b) 
Example of the functional form chosen according to the BIC criterion in four of the animals.

https://doi.org/10.7554/eLife.79169
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Figure 2. Immunofluorescence validation of axonal damage. (a) NeuN staining in control vs. injected hippocampi. (b) Mean NeuN intensity in control 
vs. injected hippocampi. Asterisks represent significant differences across hemispheres (n=8, paired t test, p=0.026). (c) Neurofilament staining in control 
vs. injected fimbria. (d) Mean neurofilament intensity in control vs. injected hippocampi. Asterisks represent significant differences in means across 
hemispheres (n=8, paired t test, p=0.047).

https://doi.org/10.7554/eLife.79169


 ﻿Research article﻿﻿﻿﻿﻿ Neuroscience

Cerdán Cerdá, Toschi et al. eLife 2024;13:e79169. DOI: https://doi.org/10.7554/eLife.79169 � 7 of 14

Figure 2—figure supplement 1. Myelin Basic Protein staining in injected versus control fimbria. (a) Myelin Basic Protein staining in injected versus 
control fimbria. (b) Mean Myelin Basic Protein intensity in control vs. injected hippocampi. No significant differences in myelination were found (n=8, 
paired t test, p=0.38).

https://doi.org/10.7554/eLife.79169
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Figure 2—figure supplement 2. Correlation between MRI and histology. Significant correlation (r=0.54, p=0.029) 
between Neurofilaments fluorescence intensity and MRI axonal diameter proxy measured with the AxCaliber 
model for all hemispheres in the fimbria. Ibotenic acid injected hemispheres are shown in red and saline injected 
are shown in green.

https://doi.org/10.7554/eLife.79169
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Figure 3. Electron microscopy shows increased mean axonal diameter in ibotenic-injected hemisphere compared to saline. (a) Representative STEM 
photos for saline and ibotenic acid fimbriae. Segmented axons are overlaid in light blue. (b) Histogram of the axonal count in one representative animal: 
upper line, saline injected, lower line, ibotenic. Black lines represent the gamma function better fitting the histogram. (c) Mean axonal diameter (left) and 
count (right) in each photo and group. Asterisks represent significant unpaired t test differences between groups for axonal diameter (n=6, p=0.00013).

https://doi.org/10.7554/eLife.79169
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Figure 3—figure supplement 1. Brain shrinkage during histology. (a) Brain volume quantification in mm obtained for three animals in vivo through 
manual segmentation of MRI images, and post-perfusion at days 1, 4, 7, and 10 while embedded in the fixative (2% paraformaldehyde and 2.5% 
glutaraldehyde in 0.1 M cacodylate buffer). (b) Same, but relative to in vivo volume.

https://doi.org/10.7554/eLife.79169
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Figure 4. Axonal damage in MS normal-appearing white matter. (a) Experimental scheme. (b) Tract-based spatial statistics showing voxels in which 
the mean MRI axonal diameter proxy is significantly increased in multiple sclerosis versus healthy conditions (n=21, p<0.05, corrected). The opposite 
contrast was not statistically significant. Green: skeletonized white matter. Inflated red-yellow (through the pipeline tbss_fill): significant p value. Red-
yellow: p-value <0.1.

https://doi.org/10.7554/eLife.79169
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Figure 4—figure supplement 1. Slope of extra-axonal radial diffusivity and restricted signal fraction in patients vs. controls. Tract-based spatial 
statistics showing voxels in which the slope of the extra-axonal radial diffusivity decay for increasing diffusion time (panel a) and the restricted signal 
fraction (panel b) are significantly decreased in multiple sclerosis versus healthy conditions (n=21, p<0.05, corrected). The opposite contrast was not 
statistically significant. Green: skeletonized white matter. Inflated blue-lighblue (through the tbss_fill pipeline): significant p-value.

https://doi.org/10.7554/eLife.79169
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Figure 4—figure supplement 2. Rician simulations showing accuracy of MRI axonal diameters proxy. Normalized 2-D histograms of fitted versus 
ground truth axonal diameters for two SNRs matching human (panel a) and animal (panel b) data for a single Rician noise realization, and averaged 
over 10 repetitions (panels c and d). In panel e and f, the simulations are repeated with intra-axonal axial diffusivity range 1.7–2.2x10–3 mm2/s for a single 
Rician noise realization.

https://doi.org/10.7554/eLife.79169
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Figure 5. Axonal diameter is preferentially increased in patients with early MS. (a) Tract-based spatial statistics showing voxels in which a trend of 
negative association between the MRI axonal diameter proxy and the disease duration (DD) in patients is present (n=11, p<0.1; lowest p-value = 
0.051 corrected). Green: skeletonized white matter. Bluel-light blue: p value. (b) Mean axonal diameter in the whole with matter of healthy controls 
(n=10, green), MS patients early in the disease course (n=4, <5 years, in red) and MS patients with a longer disease trajectory (n=7, ≥ 5 years, dark red). 
Asterisks represent unpaired post-hoc group differences following significant group effect in the ANOVA. (c) Schematic progression of early axonal 
damage. Figure 5c has been adapted from Figure 1E from Luchicchi et al., 2021.

https://doi.org/10.7554/eLife.79169
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