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RÉSUMÉ 

Les pathologies dégénératives de la moelle épinière sont encore aujourd'hui mal 

diagnostiquées et laissent les patients dans un état de souffrance et de doute. L'imagerie par 

résonance magnétique (IRM) permet d'obtenir des informations quantitatives sur la 

microstructure de la matière blanche.  Nous avons démontré la faisabilité ́ d'estimer la 

densité et le diamètre des axones dans la moelle épinière humaine en utilisant une IRM 

unique au monde installée à Boston, le "scanner Connectom", capable d'atteindre des 

gradients de champ magnétique de r@@mT/m. Cependant cette méthode ne donne qu'une 

information partielle de la microstructure de la matière blanche et ne tient pas compte de 

la gaine de myéline entourant les axones. Cette gaine de myéline permet d'assurer une 

bonne conductivité des axones et peut dégénérer dans certaines pathologies comme la 

sclérose en plaques. Nos collaborateurs de l'université́ McGill ont proposé ́ de combiner 

cette technique avec l'IRM quantitative de la myéline afin de mesurer son g-ratio, ou ratio 

du diamètre interne sur externe de la myéline. Durant cette thèse, j’ai mis en place les 

techniques d’IRM de la microstructure, j’ai validé ces méthodes en utilisant l’histologie à 

large champ de vue, puis je les ai appliquées chez des patients avec sclérose en plaques pour 

une application clinique. 
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ABSTRACT 

Degenerative pathologies of the spinal cord are still difficult to diagnose today, leaving 

patients in a state of constant suffering and constant doubt about their future. Magnetic 

Resonance Imaging (MRI) can gather quantitative information about the white matter 

microstructure by playing on the phase and relaxation of the spins. Using a unique MRI 

system capable of magnetic gradients of r@@mT/m, the “Connectom scanner”, we showed 

that neuronal fibers (axons) density and diameter can be measured in the human spinal 

cord in vivo using diffusion MRI. Although very informative, this method only provides a 

partial description of the tissue and no direct information about the myelin sheath that 

surrounds the axons is extracted. The myelin sheath improves the speed and frequency of 

action potentials that are transmitted through the axons, and an alteration of myelin 

integrity leads to paralysis in diseases such as multiple sclerosis. Our collaborators at McGill 

University proposed to combine the diffusion technique with quantitative myelin imaging 

technique in order to measure the thickness of the myelin sheath. In this thesis, I developed 

quantitative MRI techniques in the spinal cord, I validated these methods using large-scale 

histology, and I applied them on patients with multiple sclerosis. 
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(code couleur en rouge pour spinocérébellar, vert et bleu pour gracilis pour faisceau 
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diamètre axonal. .............................................................................................................. ?An	
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plupart des tranches du cervical sont fortement cohérents (r> @,x) entre eux (par 
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des tendances. .................................................................................................................. ??A	
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différences de morphologie axonale entre voies gauche et droite sont très limitées : 

pour le diamètre axonale @,@A um, A% pour la densité axonale, et @,n% pour le contenu 

de la myéline. .................................................................................................................. ???	
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entre les tranches. ........................................................................................................... ??r	
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(croix verte). .................................................................................................................... ?r@	
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acquis à w@@mT / m (colonne bleue), x@mT / m avec échantillonnage en grille de 

l'espace (| G |, Δ, δ) (colonne rouge) et x@mT / m optimisé (colonne verte). a. 
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anormales. ....................................................................................................................... ?n?	
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LISTE DES SIGLES ET ABREVIATIONS 

AVF  Axon Volume Fraction 

DWI  Diffusion-weighted images 

δ  duration of the diffusion encoding gradients 

∆   Diffusion time (time delay between diffusion encoding gradients) 

fr  Fraction of Restricted water 

Gmax  Maximal magnetic gradient strength 

FVF  Fiber Volume Fraction 

Gmax   Maximal magnetic Gradient strenght 

MTV  Macromolecular Tissue Volume 

MVF  Myelin Volume Fraction 

MS   Multiple Sclerosis 

MRI   Magnetic Resonance Imaging 

qMR  quantitative Magnetic Resonance 

SC  Spinal Cord 

SEP   Sclérose en plaques 

STD  Standard Deviation  
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CHAPITRE 7 INTRODUCTION 

La matière blanche de la moelle épinière est constituée de fibres nerveuses, appelées axones, 

et regroupées en différents tractus. Chaque tractus permet la transmission de signaux 

nerveux en provenance ou en direction d’une région spécifique du cerveau. Tout 

endommagement de ces axones, que ce soit d’origine pathologique ou accidentelle, peut 

entraîner une paralysie, un déficit sensoriel, ou des douleurs neuropathiques (Dijkers et al., 

?@@z). Le pronostic des patients atteints de lésions médullaires dépend fortement du 

tractus endommagé (Rossignol et al., ?@@w) et, dans certaines pathologies, de la 

morphologie des axones endommagés : ainsi la sclérose en plaques affecte 

préférentiellement les petits axones (DeLuca et al., ?@@n), tandis que les maladies des 

neurones moteurs endommagent les gros axones en premier (Cluskey and Ramsden, ?@@A). 

Pour diagnostiquer et pronostiquer l’évolution des patients atteints de lésions médullaires, 

l’IRM est souvent privilégiée. Cette méthode d’imagerie est particulièrement appréciée pour 

la qualité de ses images, son aspect non-invasif, son absence de rayonnement ionisants, et 

la multitude de contrastes disponibles (e.g. TA, T?, PD, FLAIR, STIR, DWI et beaucoup 

d’autres). Mais malgré ces atouts, il n’existe aujourd’hui que peu de liens entre l’activité des 

lésions observées par IRM conventionnelle et l’état clinique des patients (Guttmann et al., 

Azzy; Rovira et al., ?@Ar). Pour autant ceci n’est pas une fatalité, car l’IRM a un fort potentiel 

d’innovation, avec notamment le développement de l’IRM quantitative et multimodale, 

deux mots qui constituent les deux aspects clés de cette recherche. L’imagerie quantitative 

est une technique qui touche toutes les méthodes d’imagerie biomédicale (e.g. ultrason, 

tomographie par rayons X), et qui consiste à faire des mesures absolues des propriétés du 

tissue à partir des images, reproductibles entre les scans, et si possible avec une 

interprétation simple (e.g. élasticité, densité, volume d’eau). L’imagerie multimodale 

consiste à combiner plusieurs contrastes sensibles à différents phénomènes physiques, afin 

de gagner en spécificité ou sensibilité.  

Ainsi, l’IRM permet l’obtention de contrastes différents souvent découverts de longue date 

lors d’expériences de spectroscopie par résonance magnétique nucléaire (RMN). Une de ces 
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application, déjà exploitée et largement médiatisée, est l’IRM fonctionnelle par effet BOLD 

(Singleton, ?@@z). Cette méthode a permis depuis r@ ans de localiser l’activité cérébrale et 

ainsi d’aider à comprendre l’organisation du cerveau. Au cours des prochaines décennies, 

l’IRM permettra aussi de visualiser l’architecture du cerveau, son réseau de fibres nerveuses 

(Johansen-Berg and Behrens, ?@Ar), son réseau vasculaire (Schneider et al., ?@@w), la 

microstructure ou la composition moléculaire des tissus (Brandão and Domingues, ?@@n; 

Cohen-Adad and Wheeler-Kingshott, ?@An; Tofts, ?@@r; Wu et al., ?@Aw). 

Ces méthodes, potentiellement révolutionnaires pour le pronostic des maladies 

neurodégénératives, sont rendues possible sur l’IRM humaine grâce aux récentes 

innovations technologiques qu’a observées l’IRM. L’amélioration des aimants (puissance et 

homogénéité du champ) et des antennes IRM, notamment par l’augmentation du nombre 

de canaux de réception et par leur plus grande proximité à la moelle (Keil et al., ?@Ar), 

permet d’avoir suffisamment de signal pour atteindre des niveaux de détails inégalés 

(Cohen-Adad et al., ?@A?), jusqu’à environ @.ymm isotropique. Mais une autre révolution 

technologique a eu un impact tout aussi important pour l’imagerie de la moelle : 

l’accélération des acquisitions par l’essor de l’echo planar imaging (Stehling et al., AzzA), de 

l’imagerie parallèle (Griswold et al., ?@@?; Pruessmann et al., Azzz), du simultaneous multi-

slice (Barth et al., ?@Aw; Saritas et al., ?@An), et des techniques de réduction de champ de 

vue (Saritas et al., ?@@x; Wilm et al., ?@@B). Alors que les mouvements non rigides de la 

moelle et les variations spatiale et temporelle du champ magnétique (dûs aux différences 

de susceptibilité magnétique des os des vertèbres et de l’air des poumons) introduisaient 

des déformations importantes de l’image (Bammer and Fazekas, ?@@r; Verma and Cohen-

Adad, ?@An), celles-ci sont devenues négligeables avec l’accumulation de ces techniques. 

D’autre part, l’accélération des séquences permet désormais d’acquérir une multitude 

d’images et de contrastes différents en une seule session IRM, permettant ainsi de faire des 

mesures quantitatives et multimodales. Une introduction à la moelle et à l’IRM, suivie d’une 

revue des techniques quantitatives existantes et des problématiques associées est détaillée 

au prochain chapitre. 
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CHAPITRE 8 REVUE CRITIQUE DE LA LITTÉRATURE 

8.7 Anatomie et cytoarchitecture de la moelle épinière 

8.7.7 Système anatomique de référence 

Le système anatomique de référence est nécessaire pour comprendre l'orientation des 

images médicales. La figure A montre les différents termes des plans anatomiques. Dans 

l'imagerie de la moelle épinière, le plan transversal, également appelé plan axial, est 

principalement utilisé en imagerie quantitative de la microstructure, car cette dernière varie 

principalement dans le plan transverse et présente une certaine cohérence le long de la 

moelle. 

 

Figure 8.7:  Système anatomique de référence. 

8.7.8 Anatomie de la moelle épinière 

La moelle épinière est composée de fibres neuronales qui relient le cerveau aux nerfs 

périphériques des organes et des muscles à travers les épines dorsales (ventral roots). Il est 
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protégé et encerclé par la colonne vertébrale et peut être segmenté par niveaux vertébraux 

(x niveaux cervicaux, A? thoraciques et y lombaires). Alors que la matière blanche (voir 

Figure ?) transmet l'information entre le cerveau et le reste du corps, la matière grise calcule 

l'information comme les réflexes musculaires. 

 

Figure 8.8:  tranche axial de moelle épinière. 

 

À une échelle plus petite (quelques millimètres), la moelle épinière peut être segmentée en 

différentes voies spinales, comme le montre la figure r. Les voies motrices sont 

descendantes et leur nom se termine par «-spinal». Les voies sensorielles sont ascendantes 

et leur nom est composé de "spin-" suivi de la partie du cerveau à laquelle ils sont connectés. 

Ces différentes voies présentent une grande diversité de microstructures. 
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Figure 8.Q:  voies spinales (ou tractus) de la moelle épinière humaine. ©Polarlys 

and Mikael Häggström, ?@A@. Reproduit avec permission.  
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8.8 Imagerie par résonance magnétique 

8.8.7 Spin et moment magnétique 

La résonance magnétique nucléaire est une technique en développement depuis une 

cinquantaine d’années tandis que l’imagerie date des années AzB@. Aujourd’hui, l’IRM est 

devenue une technique majeure de l’imagerie médicale moderne. 

Lorsqu’un noyau possède un nombre impair de nucléons et du fait de la rotation 

individuelle et propre de ce nucléon célibataire, il possède un moment magnétique 

intrinsèque. On le représente par le vecteur d’aimantation ,. Au sein d’un corps biologique, 

c’est le noyau d’hydrogène présent dans les molécules d’eau qui en quantité suffisamment 

abondante pour présenter un intérêt.  

Au repos, la résultante (somme des moments magnétiques) - = ∑	,	 est nulle. Lorsque les 

protons sont plongés dans un champ magnétique BR, leurs moments magnétiques de spin 

μ s’alignent localement sur la direction de BR. En pratique seulement deux positions sont 

possibles : chaque spin fait un angle α ou π − α avec le champ BR. Ces spins sont alors 

animés d’un mouvement de précession autour de BR à une fréquence précise dépendant 

directement de BR, la fréquence de Larmor : 

01 = 231	 

2 étant le rapport gyromagnétique spécifique à chaque noyau 

L’orientation parallèle est la plus probable, car le niveau d’énergie est plus bas qu’en 

position antiparallèle. Ceci génère une résultante M orientée dans la direction du champ 

BR (Dugas-Phocion, 2006). 
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Figure 8.T:  spin ayant un mouvement de précession autour d'un champ 

magnétique B@.  

Les scanners IRM sont constitués d’un champ permanent (de champ magnétique BR 

suivant un axe z).  Ainsi les noyaux d’hydrogène ont un mouvement de précession autour 

de l’axe z. Le principe de l’IRM est de faire entrer en résonnance les protons d’hydrogène en 

appliquant une onde électromagnétique B7 suivant l’axe x à la fréquence de Larmor. Le 

moment magnétique M décrit alors au cours du temps une spirale associé à un 

basculement.  

Lorsque l’angle de bascule entre Mz et Mxy est de z@° (ou Ax@°) on parle d’une impulsion 

de z@° (ou Ax@°). Cet état est instable et dès la fin de l’excitation, il y a un phénomène de 

relaxation au cours duquel les phénomènes inverses vont avoir lieu. D’une part, la 

composante longitudinale Mz « repousse » progressivement et d’autre part, par déphasage 

des spins, la composante transversale va disparaitre. 

Les spins sont spontanément en déphasage du fait des inhomogénéités de champs 

magnétique dans l’espace. En effet, selon l’environnement des protons, le champ BR sera 

plus ou moins important (« inhomogénéité d’origine moléculaire ») et, par conséquent les 

spins tourneront à des vitesses légèrement différentes ce qui induit un déphasage entre les 

spins. Le temps de relaxation transversale dépend donc directement du milieu moléculaire 

des protons et donc des différents tissus.  

Le contraste des images va largement dépendre de ces temps caractéristiques de relaxation 

longitudinale (TA) et transversale (T?). 
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8.8.8 Pondération en T7, T8 ou bien en densité protonique 

On réceptionne le signal pendant le phénomène de relaxation grâce à une antenne 

positionnée dans le plan xy, de manière à obtenir le signal associé à l’aimantation Mxy. En 

effet il est inutile de chercher à obtenir les variations d’amplitude du vecteur Mz car celles-

ci sont noyées sous la puissance du signal du champ BR. On remonte à Mz en considérant 

le fait que la norme du vecteur Mxy est égale à celle de Mz lorsque les spins sont en phase 

(donc à la fin de l’impulsion RF). 

Les temps de relaxation TA et T? sont en fait régis par l’équation de Bloch : 

$-

$4
= 2 -×6 −

89 −80

;1
= −

8>	? + 8A	B

;2
 

où i, j, k sont les vecteurs du repère, MR norme du vecteur d’aimantation à l’équilibre, 2 le 

rapport gyromagnétique, TA la constante de temps de relaxation longitudinale et T? la 

constante de temps de relaxation transversale.                        

On remarque que Mz repousse selon une exponentielle croissante (de constante de temps 

TA) tandis que Mx et My évoluent selon une exponentielle décroissante (de constante de 

temps T?).  

Pendant une séquence d’acquisition IRM, on définit le temps de repousse (TR) entre deux 

émissions de pulses RF. Il correspond au temps que l’on laisse à Mz pour repousser. De plus 

on définit le temps d’écho (TE) le temps entre l’excitation par le signal RF et la lecture du 

signal reçu. Ces deux durées sont choisies par l’opérateur. Comme indiqué précédemment 

on mesure la composante transversale Mxy du signal émis par les spins. En jouant sur TR 

et TE on peut obtenir un contraste pondéré en TA, en T? ou en densité protonique. En effet 

deux tissus distincts ont des temps TA et T? différents, ainsi qu’une densité protonique 

différente. Au bout d’un temps TR les vecteurs Mz n’auront pas atteint les mêmes valeurs 

de « repousse » dans tous les tissus. De même au bout d’un temps TE, les vecteurs Mxy 

n’auront pas diminué de la même valeur.    

Pour un temps TR long il n’y aura pas de différence entre le signal du tissus L et le signal du 

tissus R qui n’ont pourtant pas la même constante TA. Par contre, si l’on réduit le temps TR, 
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la différence de signal entre le tissu R et L est significative. Autrement dit pour obtenir une 

image pondérée en TA il faut un TR court. Le même raisonnement permet de conclure qu’il 

faut un TE long pour obtenir une image pondérée en T?. Mais cela ne suffit pas. Si on a un 

TA court mais un TE long, les deux pondérations vont se mêler ce qui ne permettra pas de 

discriminer les tissus entre eux. Il faut donc, pour obtenir une pondération en TA, avoir non 

seulement un TR court mais aussi un TE court de manière à que les différences de constante 

de temps T? n’ont pas le temps de s’exprimer. 

 

Figure 8.[:  exemple de pondération, souvent les tissus ayant des T? longs ont des 

TA court et inversement, c'est pourquoi, les images ont des contrastes inversés 

La valeur d’équilibre initiale de l’aimantation longitudinale est aussi proportionnelle à la 

densité protonique des tissus. Il faut donc un TA long et un TE court pour obtenir une image 

pondérée en densité protonique. 
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Figure 8.\:  Image pondérée en densité protonique 

8.8.Q De la RMN à l’IRM 

L’Imagerie par Résonnance Magnétique Nucléaire (IRM) a pour but de mesurer le signal 

RMN des molécules d’eau en un point donné de l’espace. La puissance du signal reçu nous 

indiquera la concentration en molécules d’eau à cet endroit précis et nous permettra de 

former une image d’un corps de manière non-intrusive. 

Comme expliqué précédemment, la fréquence de résonnance des protons (fréquence de 

Larmor) dépend de son environnent, mais aussi du champ magnétique dans lequel il est 

plongé. C’est cette dernière dépendance qui a permis la conception de l’IRM : en appliquant 

un gradient de champ magnétique au lieu d’un champ constant, nous pouvons exciter 

qu’une zone localisée de l’espace. 

Cette technique a été proposée en Azy@ pour reconstruire une imagerie AD, et a été 

améliorée ensuite pour de l’imagerie rD (AzBr). 
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8.8.T Séquence IRM 

8.8.T.7 Excitation sélective 8D 

Nous avons vu qu’avec un champ magnétique externe BR, les spins s’orientent dans la 

direction de ce champ. L’application d’une excitation magnétique radiofréquence (RF) à la 

fréquence de Larmor fait tourner les spins. Ils sont alors en état excité et sont basculés de 

z@°. Ils se retrouvent alors dans le plan perpendiculaire au champ constant BR. 

Si le corps est plongé dans BR seul, tous les spins ont la même fréquence de résonnance, et 

le signal RF fera basculer tous les spins de l’espace. Afin de former une image rD, nous 

devons exciter un plan et non plus l’espace entier. Puis en formant l’image de plans 

successifs, nous reconstruirons une image rD. Si nous souhaitons exciter un plan seul, l’idée 

est d’ajouter un gradient de champ Gz (dans la direction Z) au champ magnétique BR. Ainsi 

tous les spins n’auront pas la même fréquence de Larmor. Si notre signal RF a une bande 

passante étroite, il excitera seulement les spins possédant une fréquence de Larmor dans 

cet bande, donc un plan perpendiculaire à la direction Z. Nous avons donc effectué une 

excitation sélective de notre espace. 

 

8.8.T.8 Méthode d’imagerie 8D 

Nous avons donc réussi à exciter les spins situés dans un plan de l’espace. Le signal que 

nous recevons est donc la contribution de tous les spins de ce plan. Afin de faire une image 

de ce plan nous devons réussir à calculer la contribution d’une zone restreinte de ce plan. 

Cette zone est appelée voxel et sa taille déterminera la résolution de notre image. Nous 

noterons l’amplitude du signal émis par le voxel de coordonnées [x,y]. 

Une première étape consiste à « étaler » le signal reçu, actuellement à la fréquence de 

Larmor, sur une bande de fréquence plus large où le signal à une fréquence donnée 

correspondra au signal à une position x donnée. Encore une fois un gradient de champ Gx 

(dans la direction x cette fois) sera appliqué pendant la lecture du signal reçu (donc après 

m(x, y)
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la phase d’excitation). Les spins ne se relaxeront plus à la fréquence de Larmor 0 = 231 

mais à la fréquence 0 > = 2 31 + CD> .  

 

En filtrant le signal reçu EFG 4  à une fréquence donnée 0H(>H), nous lisons les 

contributions des spins situés à une position >H donnée : 

EFG 4 = 	 ) >, A #LMFGN$A
O

= 	 ) >, A $A	#LMFGN

O

 

Nous obtenons donc la projection sur l’axe des x de )(>, A). 

Nous devons donc à présent déterminer la provenance du signal sur la dernière direction : 

la direction y. Pour cela nous allons jouer sur la phase des spins excités. En effet, les spins 

excités se mettent à tourner dans le plan [x,y] en phase avec le signal excitant RF. Les spins 

étant tous en phase (prise comme phase de référence), leurs signaux émis s’ajoutent, et nous 

obtenons un fort signal. En appliquant un champ magnétique pendant une courte durée P 

aux spins, ceux-ci vont tourner à une fréquence légèrement différente pendant ce temps P, 

et leur phase va être modifiée. L’idée est donc de déphaser les spins entre eux en fonction 

de leur position y. Nous allons donc appliquer un gradient de champ Gy dans la direction y 

entre la phase d’excitation et la phase de lecture. Les spins vont donc tourner à la fréquence 

0 A = 2 31 + COA = 01 + 2COA pendant P. Leur nouvelle phase sera donc Q A = 2COAP. 

L’amplitude du signal émis par les spins d’un voxel pendant la phase de lecture sera donc 

)(>, A)#LMR(O). Le signal filtré reçu EFG 4  est alors : 

EFG 4 = ) >, A #LMR(O)$A
O

#LMFGN 

En notant SO =
T

UV
COP, l’amplitude du signal reçu filtré WFG vaut : 

WFG(SO) = ) >, A #LMXYO$A	#LMFGN

O
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On reconnaît ici la transformée de Fourrier de notre signal )(>, A). On reconstruit cette 

transformée de manière discrète en prenant différentes valeurs de SO (on joue sur CO et P). 

La transformée de Fourrier inverse de cette fonction nous donne enfin ) >, A . 

Reprenons à présent le signal total reçu E(4) : 

E 4 = EFG 4 	$0H
FG

	

= ) >, A #LMXYO$A
O

#LMFGN	$0H
FG

	

= ) >, A #LMXYO$A
O

#LMFZN#LMT[\DN	$>
D

	

= ) >, A #LMXYO#LMX\D	$>	$A
OD

	#LMFZN
X\]T[\N

XY]
T
UV
[Y^

 

On constate bien ici de manière mathématique que le signal reçu correspond à la 

transformée de Fourrier ?D de )(>, A) à un vecteur d’onde donné k. Nous pouvons 

reconstruire cette transformée de Fourrier de manière discrète à l’aide des paramètres Gx, 

Gy et P. Finalement une transformée de Fourrier inverse permet de retrouver )(>, A). En 

faisant de même pour tout une série de plan de hauteur z, on obtient )(>, A, 9) et on peut 

faire une image rD.  

8.8.T.Q Écho de spin 

Le signal reçu est cependant perturbé par des artefacts, et notamment celui du décalage de 

phase. Celui-ci est dû aux inhomogénéités du champ magnétique constant. En effet le 

champ B@ n’est pas tout à fait constant car la susceptibilité magnétique du corps n’est pas 

constante (entre l’air des sinus ou des poumons et l’eau du corps par exemple). De plus 

l’environnement chimique du proton perturbe le champ magnétique ressenti par le spin. 

Ainsi, entre le moment où l’impulsion RF est donnée et la lecture du signal, nos spins se 

déphasent entre eux. Si nos spins restent à la même position, ce déphasage évolue de 

manière linéaire avec le temps. 
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Une technique largement utilisée actuellement est l’écho de spin. L’idée pour supprimer ce 

déphasage entre nos spins est d’inverser les phases de tous les spins à l’instant moitié entre 

l’excitation et la lecture. Ainsi les spins qui étaient en avance de phase (donc avec une 

fréquence de rotation plus rapide, i.e. plongés dans un plus haut champ), se retrouveront 

en retard de phase. Comme ils ont une fréquence de rotation plus rapide, ils rattraperont 

progressivement leur retard et seront parfaitement en phase au moment de la lecture. Nous 

observons donc un écho sur le signal reçu à cet instant précis où les spins retournent en 

phase. Pour inverser les phases de nos spins, un pulse RF à Ax@° est envoyé au système. On 

appelle temps d’écho le temps séparant l’excitation de l’écho, ce temps pouvant être choisi 

par l’utilisateur par le pulse à Ax@° (qui correspond à TE/?). 

8.8.[ La RMN sensible à la diffusion 

Afin de tirer encore plus d’informations du signal IRM, une nouvelle technique a été mise 

en place pour détecter la diffusion des molécules d’eau dans le corps. Les molécules d’eau 

joueront alors le rôle de sonde de notre système nerveux en détectant des zones de 

mauvaise circulation (La première application clinique de l’IRM à Diffusion est la détection 

précoce d’une ischémie cérébrale), ou en détectant la direction des fibres neuronales pour 

retracer une cartographie des neurones de la matière blanche. 

Pour cela le déphasage entre les spins va encore être exploitée. L’idée est cette fois de 

déphaser les spins qui se déplaceront pendant un intervalle _, et ce de manière 

proportionnelle à la distance parcouru. Ainsi dans les zones de grande diffusion, les spins 

seront beaucoup déphasés entre eux, et nous observeront une perte de signal. Afin de 

déphaser les spins un nouveau gradient de champ g est appliqué pendant une durée P avant 

le pulse à Ax@°. Les spins vont donc recevoir un déphasage linéaire entre elles dans la 

direction de g. Les spins qui ont reçu un champ g élevé vont être en avance de phase par 

rapport à ceux qui ont reçu un champ g faible. Après le pulse à Ax@°, le même champ g va 

être appliqué pendant la même durée P. On s’aperçoit bien ici que les spins qui n’ont pas 

bougé vont retourner en phase, tandis que les autres seront déphasées d’autant plus que le 

champ g reçu lors du deuxième pulse sera différent du premier (i.e. d’autant plus que la 
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molécule se sera déplacée dans la direction du champ). On mesure alors l’atténuation du 

signal pour en déduire la diffusion dans la direction de g. 

De même que précédemment (Méthode d’imagerie ?), nous définissons un vecteur d’onde 

q par : 

` =
1

2a
2Pb 

On suppose en effet que la diffusion des molécules d’eau pendant P est négligeable par 

rapport à celle mesurée pendant _ (ie P ≪ _), donc le champ g perçu est quasi constant. 

Le déphasage introduit par les deux pulses de g pour une molécule s’étant déplacée de r 

sera alors : 

Q = ` ∗ " 

Ainsi l’atténuation du signal E sera alors : 

e ` = f(", _)#LUMVg∗h$"
ℝj

 

Avec f(", _) la densité de probabilité qu’une molécule se soit déplacée de r pendant _, Cette 

densité étant fonction du tenseur de diffusion. 

Nous avons une fois de plus une transformée de Fourrier. Que l’on peut reconstruire de 

façon discrète en balayant les valeurs du vecteur d’onde q. On appelle l’ensemble de ces 

valeurs le q-space qui peut être décrit en jouant sur les paramètres des gradients de 

diffusion : le gradient g, la largeur du pulse P et la séparation _. 

Nous avons plusieurs limitations ici dans les performances : nous sommes limités par le 

gradient de champ qui dépasse difficilement les x@ mT m-A (Daniel C. Alexander, 2010) pour 

les scanners IRM humains. Le temps d’acquisition est trop long pour respecter le critère de 

Shannon (on ne peut dépasser Ah pour une application clinique). Afin de contourner ces 

limitations, la technique actuellement employée est de simplifier le problème en 

considérant que le déplacement des molécules suit une probabilité Gaussienne multi-
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variable. L’équation d’atténuation se simplifie alors, et avec un algorithme de moindres 

carrés on peut en déduire le tenseur de diffusion (Caruyer et al., 2012). 

Une cartographie de ce tenseur dans l’espace permet finalement les applications citées au 

début : détection d’ischémies, ou fiber tracking (cartographie du réseau neuronal). 

8.8.\ Limitations et sujets de recherche 

Interpréter ce tenseur de diffusion est actuellement le sujet de nombreuses recherches. Il 

concerne d’ailleurs exactement mon sujet de recherche et mes recherches bibliographiques 

se sont beaucoup concentrées sur ce sujet. 

8.8.\.7 Nouvelles métriques 

Pour détecter des anomalies spécifiques, de nombreuses métriques ont été produites. Ces 

métriques joueront le rôle de marqueurs facilement interprétable par le médecin 

lorsqu’elles sont imagées. Ainsi une liste des principales métriques est (avec kM la ie valeur 

propre du tenseur de diffusion) (Basser et al., Azzn) : 

- Le déplacement moyen (Mean Square Value) : 8Wl = f(")"U$"
ℝj

 

- La probabilité de retour à l’origine : m;n _ = f(0, _) 

- La diffusivité moyenne (Mean Diffusivity): 8l =
o

p
kM

p
M]o  

- La fraction d’anisotropie : qr =
p stLuv

wj
txy

U st
wj

txy

 

8.8.\.8 Extension du model gaussien 

L’utilisation du model gaussien précédent pour la diffusion des molécules d’eau nous limite 

dans notre interprétation de la diffusion. En effet nous calculons grâce à cette technique 

qu’un tenseur de diffusion moyen au sein d’un voxel. Cependant un voxel peut être le lieu 

d’un croisement de fibres axonales de direction totalement différentes. Ainsi le tenseur de 

diffusion que nous calculons donne une fausse information sur la direction des fibres dans 

le voxel.  Pour résoudre ce problème, un modèle multi-tenseur peut être utilisé en place du 

model simple-tenseur (D.C. Alexander, 2002).  
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Lorsque l’on veut aller encore plus dans les détails, c’est à dire avoir des informations sur 

les cellules (leur taille, leur densité…) comme la détermination du diamètre des axones, 

nous devons aussi modéliser différents compartiments où diffuse l’eau. Encore une fois un 

model multi-tenseur est nécessaire (Assaf and Cohen, 2002).  

De nombreuses recherches se sont aussi intéressées au calcul de la diffusion sans 

l’utilisation de modèles, nous pouvons mentionner ici la technique du q-ball qui 

échantillonne le q-space (E. Caruyer, 2012).  

8.8.\.Q Détermination du diamètre axonal 

L’idée ici est de modéliser le tissu en différent compartiments de diffusion différentes, puis 

d’affiner les paramètres de notre modèle pour s’approcher du signal expérimental obtenu : 

technique de l’ajustement de courbes. 

L’information sur le diamètre axonale vient du fait que la diffusion sature lorsque l’on 

augmente le temps _. En effet les molécules d’eau « rebondissent » contre la paroi de 

myéline des axones. Si on laisse diffuser pendant un temps très long, les molécules ne se 

seront pas déplacées d’une distance plus grande que du diamètre de l’axone. 

 

Figure 8.a: Exemple de détermination axonale par IRM a diffusion. a. b. c. les 

courbes obtenues expérimentalement du signal reçu en fonction de q. d. carte de 

la provenance des signaux. e. Probabilité de distribution axonale par zone. 

(McNab, et al., 2013). Reproduit avec permission. 
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Cependant la réalité est plus compliquée. En effet il y a de nombreux échanges de molécules 

d’eau entre les différents compartiments (parfois plus efficaces que la diffusion), ainsi que 

de nombreuses interactions moléculaires (avec les parois par exemple). De plus nous 

sommes limités par le matériel (toujours la problématique du gradient de champ limité 

(donc qmax limité), d’un temps d’acquisition minimum pour avoir assez de signal etc.…).  

Nous avons d’autre part les problèmes exposés précédemment avec la modélisation de la 

diffusion dont on voudrait bien se passer (Extension du model gaussien). 
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8.Q Article 7: Modeling white matter microstructure 
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Quantitative magnetic resonance imaging can be combined with advanced biophysical 

models to measure microstructural features of white matter. Non-invasive microstructural 

imaging has the potential to revolutionize neuroscience, and acquiring these measures in 

clinically feasible times would greatly improve patient monitoring and clinical studies of 

drug efficacy. However, a good understanding of microstructural imaging techniques is 

essential to set realistic expectations and to prevent over-interpretation of results. This 

review explains the methodology behind microstructural modeling and imaging, and gives 

an overview of the breakthroughs and challenges associated with it. 
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8.Q.7 Introduction 

Magnetic resonance imaging (MRI) is an attractive, non-invasive modality that can provide 

information about the integrity of the central nervous system (CNS) at a resolution in the 

order of Ammr. To produce an image, an MRI scanner excites the magnetic moments of 

hydrogen atoms in water molecules, or spins, using radio waves. The excited spins will then 

re-emit a radio wave that is characterized by the water density as well as the time constants 

TA and T?, which reflect the tissue chemical environment, thereby providing the image 

contrast. Thanks to its high sensitivity to soft tissue (not shown by X-ray), conventional 

MRI can distinguish different structures and detect lesions (e.g. inflammation, scar tissue, 

low-grade tumors). This good sensitivity is limited, however, by a lack of specificity, and it 

is usually difficult to establish a relationship between lesion activity observed by MRI and 

clinical score and patient prognosis (Rovira et al., ?@Ar). However, the potential of MRI goes 

far beyond its capacity to provide simple contrast between tissues. By varying, in a 

controlled fashion, the excitation and the dephasing of the spins that produce the MR 

signal, researchers are able to measure several chemical and physical properties, such as the 

local change in oxygenation in functional MRI, the diffusion profile of water molecules in 

diffusion MRI, and the proportion of different macromolecules or metabolites (e.g. myelin 

lipids or iron) in relaxometry, magnetization transfer and magnetic resonance (MR) 

spectrometry. Instead of providing arbitrary numbers, these different MRI modalities can 

be calibrated in order to extract quantitative metrics, reproducible across sites (with 

different brands of scanner and with different coils). These techniques are commonly called 

“quantitative MRI” (Cohen-Adad and Wheeler-Kingshott, ?@An; Tofts P, ?@@r). While many 

quantitative MRI metrics, such as TA or fractional anisotropy (FA) from diffusion MRI, are 

now widely used by clinicians, they are still difficult to interpret, notably because they lack 

specificity (Alexander et al., ?@@B). To further understand how the complex chemical 

environment influences these quantitative metrics, researchers have proposed to take up 

the challenge of modeling mathematically the relationship between the white matter 
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microstructure and the generated MRI signal. Using the resulting models, they can extract 

meaningful numbers, such as the size and density of tissue fibers, the concentration of 

myelin or iron within a voxel, and the thickness of the myelin sheath surrounding the axons. 

These microstructural metrics are usually called “model-based quantitative metrics” as 

opposed to “physical quantitative metrics” (e.g. TA or ADC, i.e. apparent diffusion 

coefficient). The ability to measure quantitatively many different properties with a single 

system allows comprehensive characterization of white matter tissue, from its composition 

to its microstructure. While the different information is usually exploited separately, 

complementary MRI metrics can also be combined to extract complete and specific 

information about the tissue, which can help with diagnosis and prognosis of 

neurodegenerative disorders.  

In practice, quantitative MRI metrics are extracted by acquiring multiple images of the same 

modality (e.g. diffusion MRI), using different acquisition parameters (e.g. diffusion time). 

By modeling the signal change as a function of these acquisition parameters, one can extract 

quantitative information. In this review, we focus on model-based quantitative MRI metrics 

(which exclude physical quantitative metrics) and describe the methodology for modeling 

the white matter microstructure and the associated MRI signal. The challenges and limits 

of these techniques will also be addressed. 
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8.Q.8 White matter microstructure 

To model the MRI signal, it is essential to have sufficient knowledge of the underlying tissue 

microstructure. For instance, precise knowledge of the volume fraction of a certain water 

component makes it easier to understand its contribution to the MRI signal: the bigger this 

component is, the more it contributes to the signal (weighted by the TA and T? relaxations).  

Figure ?.x shows an example of white matter electron microscopy (a) along with a 

schematic drawing of white matter microstructure (b). The white matter is composed of 

four main components: neurons, glial cells (e.g. astrocytes, microglia, oligodendrocytes), 

the extracellular space, and blood vessels.  

Neurons can be subdivided into fibers, cell bodies and dendrites. In the white matter, we 

observe very few neuronal bodies and dendrites1, and the majority of the space is occupied 

by neuronal fibers (~w@%) (Mottershead et al., ?@@r; Perge et al., ?@@z; Stikov et al., ?@Aya). 

The extracellular space constitutes about ?@% of the volume (Bourne, ?@A?; Syková and 

Nicholson, ?@@x), blood vessels constitute less than r% (Syková and Nicholson, ?@@x), 

while the rest of the volume is occupied by glial cells. B@ to zy% of the nerve fibers are 

enveloped by a myelin sheath (Biedenbach et al., Azxw; Liewald et al., ?@An) (myelin is 

responsible for the white appearance of the white matter). Furthermore, myelinated fibers 

are, on average, much larger than unmyelinated fibers (?@ to y@% larger) (Biedenbach et 

al., Azxw; FitzGibbon and Nestorovski, ?@Ar), with the result that the majority of the space 

is occupied by myelinated fibers. The term fiber refers to the axon plus its myelin sheath. 

About rr%2 of the white matter volume is composed of axons (Nilsson et al., ?@Ar; Perge et 

al., ?@@z). 

                                                

1 The soma to glial cell ratio is A:Ay in white matter versus A:A in gray matter (Azevedo et al., ?@@z), while glial 
cell density is  similar in white and gray matter (Herculano-Houzel, ?@An). 
2 Note that an axon volume fraction of rr% and a fiber volume fraction of w@% leads to a g-ratio of 
√(rr/w@)=@.Bn, which is close to the optimal value of @.BB as mentioned in (Chomiak and Hu, ?@@z). 
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All these components are highly hydrated [the water content of white matter is ~B?% 

(Lajtha, ?@Ar; Tofts PS, ?@@r)]. The axoplasm is composed largely of water (xB%) and 

contains ?.y% proteins (assessed in squid giant axons) (Johansen-Berg and Behrens, ?@Ar; 

Adelmann et al., ?@Ar). Glial cells and blood vessels are composed of ~x@% water (Shepherd, 

?@@w); The extracellular space contains mainly fluid supplemented by long macromolecules 

that constitute the extracellular matrix (Syková and Nicholson, ?@@x); only the myelin 

sheath presents a relatively low water content of n@% (Morell and Quarles, Azzz; Norton 

and Cammer, Azxn). In fact, y@ to w@% of the dry tissue weight in white matter is myelin 

(Norton and Autilio, Azww), and this proportion reaches By% in peripheral nerves (O’Brien 

and Sampson, Azwy). 

Glial cell density is very constant in the brain [~A@y cells/mmr (Herculano-Houzel, ?@An)], 

suggesting a homogeneous contribution of glial cells to the MRI signal strength. Axon 

density, however, varies greatly (A@n to A@y/mmr) due to large differences in mean axon 

diameter between regions  (Herculano-Houzel, ?@An).  

Axons are myelinated by oligodendrocytes (one oligodendrocyte for up to y@ axons 

[(Baumann and Pham-Dinh, ?@@A)], which wrap multiple layers of myelin around the axons 

until the ratio of the inner to the outer diameter of the fiber, called the g-ratio, achieves an 

optimal value of around @.BB (Chomiak and Hu, ?@@z). The myelin sheath is thus a 

succession of impermeable bi-lipid layers, separated by layers of water (myelin water). In 

adults, the myelin sheath occupies approximately ?y–r@% of the white matter volume 

(Mottershead et al., ?@@r; Perge et al., ?@@z; Stikov et al., ?@Aya). The function of the myelin 

layers is to improve the speed of propagation of action potentials by inhibiting ionic 

exchanges between the intra- and the extra-axonal space. Instead, these exchanges mostly 

take place at the regularly spaced nodes of Ranvier. These nodes are ~?µm long and spaced 

~A mm apart (depending on the axon diameter), and thus constitute only @.?% of the axon 

surface (Giuliodori and DiCarlo, ?@@n). This anatomical feature explains why water diffuses 

preferentially along the nerve fibers (about four times faster than perpendicular to the 

fibers), as observed in diffusion tensor imaging experiments (Alexander et al., ?@@B), and 

also explains the presence of a slow diffusion component perpendicular to the fibers that is 
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attributed to water “trapped” inside the axons (Clark and Le Bihan, ?@@@). Nuclear 

magnetic resonance (NMR) experiments have established that the exchange rate between 

the intra- and the extra-axonal space is ~w@@ ms (Duong et al., Azzx; Meier et al., ?@@r; 

Nilsson et al., ?@Ar), an order of magnitude longer than the typical diffusion time used in 

diffusion MRI. Axons can thus be considered impermeable to water in diffusion MRI 

models. As for glial cells, their membrane is more permeable thanks to the presence of 

aquaporin pores on their surface (Arciénega et al., ?@A@; Nielsen et al., AzzB). This is 

confirmed by the greater restriction (y@% decrease of the diffusion coefficient) of water 

molecules after deactivation of these aquaporin pores (Badaut et al., ?@AA), and the 

appearance of a new water compartment, isotropically restricted, in fixed tissue (~r@% of 

the MRI-visible water) (Panagiotaki et al., ?@A?), much larger than in in vivo tissue (Ferizi 

et al., ?@An). Similarly to glial cells, water molecules in blood vessels are not restricted, 

because of the rapid exchange (exchange rate of Ay-r@ms) with the extracellular space and 

the glial cells. (Johansen-Berg and Behrens, ?@Ar). 

The pie charts in Figure ?.x summarize the above information and give rough estimates of 

the volume fraction of the different constituents of white matter, values that are particularly 

useful in myelin imaging. 
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Figure 8.d: Modeling of the white matter tissue. a. Transmission electron 

microscopy of an axial slice of white matter fiber bundles extracted from the 

corpus callosum of a mouse (West et al., ?@Awa). b. Schematic representation of 

the white matter. c. Proportions of the different white matter tissue components. 

The top left pie chart divides white matter into two general components: water 

(blue) (the component that produces the MRI signal) and lipids/macromolecules 

(red). The top right pie chart divides white matter into three spaces (used in 
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diffusion and myelin imaging models): the myelin sheath (purple), the extra-

axonal volume (yellow) and the intra-axonal volume (green). The bottom pie chart 

subdivides these three spaces into water and lipid/macromolecular content. d. 

Definitions of most commonly used MRI (gray boxes) and tissue modeling (light 

blues boxes) metrics and their rough values. 

8.Q.Q Quantitative MRI modalities 

In this section, important quantitative MRI modalities are briefly presented, focusing on 

the fundamental physics that allows to retrieve meaningful measures of tissue 

microstructure. This section also highlights the advantages of these metrics compared to 

conventional MRI and clarifies the limitations in their interpretation. 

8.Q.Q.7 Diffusion MRI 

S.U.U.J.J Theory 

A popular modality for assessing tissue microstructure is diffusion MRI. Diffusion MRI takes 

advantage of the diffusion of water molecules to probe the microenvironment. Just as the 

diffusion of a drop of ink on a fibrous tissue reveals the direction of the microscopic fibers 

that compose that tissue (Figure ?.z), diffusion MRI reveals the direction of the fibers that 

compose the white matter tissue, a technique called diffusion tensor imaging (DTI). In each 

voxel and in multiple directions, the diffusion of water molecules is measured thanks to an 

equation that relates MRI signal reduction to the diffusion rate of water molecules (Stejskal 

and Tanner, Azwy) (see next paragraph). If the diffusion is modeled in ?D, it can be described 

by an ellipse, as illustrated with the drop of ink (Figure ?.z). In rD the diffusion can be 

described by a tensor (a rxr symmetric matrix with six parameters), therefore at least six 

diffusion-weighted MR images need to be acquired to resolve its shape. This can be done 

for each individual voxel in the MRI acquisition. This principle can be pushed further to 

measure the amount of water trapped inside the myelinated fibers, and the size distribution 

of these fibers (Assaf et al., ?@@x). Indeed, these water molecules present restricted 

diffusion and result in a small MRI signal decrease. Although models exist for different 
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tissues (e.g. kidney cells, gray matter), the majority of the models have been adapted to 

white matter tissue, because white matter presents fewer dendrites and many myelinated 

fibers in relatively coherent orientations. 

 

Figure 8.e: Diffusion reveals the underlying microstructure of the tissue. The 

diffusion of a drop of ink on isotropic (left) or anisotropic (right) fibrous tissue is 

Gaussian and can be modeled with an ellipse. The main axis of this ellipse 

(horizontal axis in this case) defines the main direction of the fibers that form the 

tissue. The ratio between the main and the secondary axis defines the degree of 

anisotropy of the paper. Similarly, diffusion in the white matter tissue is modeled 

with an ellipsoid in diffusion tensor imaging experiments. This figure was inspired 

by Dr Gordon Kindlmann (University of Chicago). 

Diffusion encoding in MRI is performed through the dephasing and rephasing of the spins 

using magnetic field gradients, referred to in this paper as “diffusion gradients”. The 

standard diffusion protocol is the pulsed-gradient spin echo sequence, which is composed 

of two diffusion gradients characterized by three parameters: their duration δ, amplitude 

G, and separation ∆ (Figure ?.A@). The relationship between diffusion gradients and MRI 

signal was first expressed by Stejskal and Tanner (Azwy) assuming a Gaussian diffusion: 

W	 = 	 W1#
Lzv 
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where S@ represents the MR signal when no diffusion encoding is applied (i.e. b = @), {	 =

(2PC)U ⋅ (∆ 	− 	P/3) (s/mm?), and D (mm?/s) is the diffusion coefficient in the direction of 

the diffusion gradients.  

 

Figure 8.7R: Timeline for encoding the diffusion of the water molecules in MRI. 

Just after being excited, the position of each molecule is tagged based on the phase 

of its spins, by applying gradient #A (parametrized by its strength G and duration 

δ). During a time ∆, the spins (illustrated by small circles) move (due to Brownian 

motion or convection). The longer the time ∆ is, the further the molecules can 

move. A second and identical gradient is applied to quantify this displacement 

through a signal loss in the MR response.   

S.U.U.J.S Advanced modeling 

The MR model for Gaussian diffusion is thus characterized by a single parameter b instead 

of three (∆, δ, and G). This equation can be validated experimentally by measuring the 

evolution of the MR signal in water for different combinations of ∆, δ, and G (Figure ?.AA). 

However, the same experiment in the white matter (with diffusion gradient directions 

perpendicular to the main axis of the axons) shows that: i) a single exponential is not 

sufficient to model the MR signal decay as a function of the b-value, and ii) the MR signal 

is not a function of the b-value only (see Figure ?.AA). The first observation led to the 

development of the models with multiple compartments, a slow diffusion compartment 

that corresponds to the trapped water (within myelinated axons for instance), and a fast 

diffusion compartment that corresponds to the water that is diffusing in the extracellular 

matrix or is in active exchange with glial cells (e.g. astrocytes via the aquaporin pores). The 
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second observation (signal is not dependent only on the b-value) requires the use of non-

Gaussian diffusion equations to model the slow compartment. The equation of restricted 

diffusion within cylinders of known diameter (Wang et al., Azzy) correctly models this non-

Gaussianity of diffusion in white matter (Alexander et al., ?@A@; Assaf and Basser, ?@@y; 

Avram et al., ?@@n; Ferizi et al., ?@An, ?@Ay; Nilsson et al., ?@Ar; Panagiotaki et al., ?@A?; 

Zhang et al., ?@A?).  This non-Gaussian compartment is usually attributed to the water 

restricted in myelinated fibers. Although the extra-axonal compartment is a complex 

structure, assuming Gaussian diffusion in this compartment correctly models the MRI 

signal (Alexander et al., ?@A@; Assaf and Basser, ?@@y; Ferizi et al., ?@Ay; Nilsson et al., ?@Ar; 

Zhang et al., ?@A?), probably due to the good permeability of the membranes (see section 

“White matter microstructure”), although this assumption can be refined when varying the 

diffusion time (Burcaw et al., ?@Ay). 

While Gaussian diffusion, notably used in DTI experiments, is a good approximation at low 

b-values (typically b = Ay@@ s/mm?) for a fixed diffusion time, advanced models, such as 

those from the previous paragraph, are necessary for larger b-values or in experiments with 

various diffusion times in order to get measurements (e.g. diffusion coefficients) that are 

independent of the acquisition protocol (e.g. choice of b-values and diffusion times). 

Another asset of these more advanced models is their robustness to partial volume effects 

or contamination with cerebrospinal fluid (CSF). Not accounting for these effects leads to 

abnormally low values of FA, for instance at the periphery of the white matter tissue, 

notably close to ventricles or at the periphery of the spinal cord, even if the tissue is healthy. 
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Figure 8.77: MRI signal as a function of b-value in voxels presenting Gaussian (left) 

or non-Gaussian (right) diffusion of water molecules. While conventional diffusion 

MRI assumes Gaussian diffusion characterized by dependence on the b-value only, 

diffusion perpendicular to neuronal fibers (right) is non-Gaussian, which allows 

the extraction of additional microstructural information such as axon diameter. 

These models can thus be used to describe tissue microstructure. The relative proportion 

between the restricted water trapped inside axons and the water presenting Gaussian 

diffusion outside the axons can be retrieved (metric fr in Figure ?.x), and some models also 

feature the orientation dispersion or the permeability of the myelin sheath (Clark and Le 

Bihan, ?@@@; Nilsson et al., ?@A?, ?@Ar; Panagiotaki et al., ?@A?; Zhang et al., ?@A?). Some of 

these parameters can be measured robustly only with a system that can achieve very high 

gradient strengths, while others are adapted for clinical scanners. 
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8.Q.Q.8 Myelin imaging 

In one important field of MRI research, the aim is to measure the myelin content within a 

tissue.  Myelin imaging is particularly interesting in neurodegenerative diseases, as well as 

in several neurological disorders (e.g. autism, schizophrenia), because of the presence of 

demyelination or abnormal myelination of neuronal fibers (Fields, ?@@x). Unfortunately, 

measuring the signal directly from myelin is challenging due to the ultra-short myelin 

relaxation times (T?~A@ µs), and because the signal from myelin gets lost in the strong water 

signal. Although some groups showed very promising results of direct myelin imaging in 

humans in vivo (Sheth et al., ?@Aw), such techniques are very recent and further validation 

is required. Instead of detecting the myelin directly, researchers have developed strategies 

to retrieve quantitative metrics that correlate with absolute myelin content (or myelin 

volume fraction, MVF) from the water signal. As a consequence, it should be kept in mind 

that the term myelin imaging can be misleading. Indeed, these techniques provide 

quantitative metrics that need to be calibrated, assuming a linear relationship with MVF, 

in order to retrieve the true myelin content. Usually, the coefficients of this linear 

relationship are not perfectly known and might change in pathology (e.g. effect of the non-

compact myelin sheath in multi-component T? experiments). Also, some of these 

techniques are sensitive to all lipids and macromolecules in general (e.g. magnetization 

transfer) and not only to myelin. Different physical properties have been used to obtain 

metrics sensitive to myelin content.  

S.U.U.S.J Magnetization transfer 

One strategy is to take advantage of the phenomenon called magnetization transfer (MT) 

(Wolff and Balaban, Azxz), where the hydrogen spins bound to macromolecules, once 

excited by a dedicated radiofrequency pulse, transfer a part of their energy to the 

neighboring free water spins. The more the macromolecules are present in the voxel, the 

greater the number of free water spins are excited via this phenomenon, which impacts on 

the MR signal. The most common metric utilizing this phenomenon is the magnetization 

transfer ratio (MTR), which has been shown to correlate with myelin content (Schmierer et 
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al., ?@@n), but also with other properties such as the TA relaxation time (Henkelman et al., 

?@@A). A particularly interesting improvement of MTR is the saturated magnetization 

transfer metric (MTsat) (Helms et al., ?@@x): MTsat decouples MTR from TA, but is still 

protocol-dependent. In order to derive truly quantitative metrics from the MT 

phenomenon, researchers proposed modeling it in white matter and introduced equations 

of the MR signal change as a function of acquisition parameters (e.g. frequency or power of 

the radiofrequency pulse that excites the macromolecules), a technique called quantitative 

MT (qMT) (Henkelman et al., Azzr). While comprehensive models are theoretically able to 

quantify myelin content (Harrison et al., Azzy), fitted parameters are too unstable to be 

estimated in vivo (Levesque and Pike, S[[_). Alternatively, qMT extracts the volume fraction 

of all macromolecules in a voxel (i.e. not only myelin, but also membranes of other cells 

and organelles). 

S.U.U.S.S Myelin water fraction 

Another strategy is to exploit the relationship between myelin content and spin 

relaxometry. Indeed, the water contained in the myelin sheath (myelin water amounts to 

approximately n@% of the myelin volume) presents a very short T? relaxation time 

compared with the rest of the water molecules. By measuring the amount of water with a 

short T? relaxation time, it is possible to measure the myelin water fraction (MWF) 

(MacKay et al., Azzn). It is also possible to infer the myelin volume fraction from the MWF 

if we assume that n@% of myelin water is in the myelin sheath. While initial 

implementations of this technique suffered from high noise level, new acquisition strategies 

and models have been developed to obtain higher quality images and to make this 

technique usable for clinical studies (Deoni et al., ?@@x; Oh et al., ?@Ar; Prasloski et al., 

?@A?). Note that TA relaxation time can also be used for myelin imaging as proposed by 

Stüber et al. (?@An), keeping in mind that TA is potentially biased by axon diameter (Harkins 

et al., ?@Aw). 
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S.U.U.S.U Normalized proton density 

Another relevant metric for microstructure modeling is the measurement of the water 

content obtained using normalized proton density (PD) mapping (Tofts PS, ?@@r; Volz et 

al., ?@A?). The complement of this metric is the non-water volume; this provides a measure 

of the macromolecular tissue volume (MTV), which includes lipids (Mezer et al., ?@Ar). 

While all raw MR images are PD weighted, obtaining quantitative measurement of the 

water content requires challenging corrections of coil excitation (BA+) and sensitivity (BA−) 

profiles, as well as a calibration of the signal with relatively pure water (e.g. CSF) (Mezer et 

al., ?@Ar; Tofts PS, ?@@r; Volz et al., ?@A?). With a good correction and calibration pipeline, 

water content can be measured precisely and with high reproducibility in the brain (Mezer 

et al., ?@Ar). 

8.Q.Q.Q Multimodal MRI 

Thanks to ongoing improvements in acquisition sequences, protocols and hardware, it is 

now possible to obtain quantitative maps rapidly (in less than A@ min). By obtaining 

multiple quantitative MRI maps in a reasonable time it is possible to get complementary 

information on the tissue microstructure. The different metrics can be combined using 

models to derive more robust and relevant quantitative metrics, commonly called 

multimodal or multi-parametric measurements.  One example is the computation of the 

fiber g-ratio, defined as the ratio of the axon caliber to the fiber caliber (axon plus myelin). 

The g-ratio can be computed by combining the restricted water fraction (fr) obtained with 

quantitative diffusion MRI, and the MVF obtained with myelin imaging. Taken 

independently, both fr and MVF are affected by CSF contamination or edema. In the 

computation of the g-ratio, these effects are compensated for; this simplifies the 

interpretation in case of demyelination, and is expected to improve the specificity of the 

technique to myelin sheath thickness.  

The recent development of MR fingerprinting also offers interesting ways to obtain multi-

parametric maps in a rapid manner (Ma et al., ?@Ar), although further validation is still 

required before these techniques can be applied to pathological cases. 
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8.Q.T Challenges 

In addition to practical and technical challenges, quantitative MRI presents fundamental 

challenges that make the modeling and interpretation of quantitative MRI results difficult. 

8.Q.T.7 Inferring the microscopic from the macroscopic 

The signal is an average of many micro- and nanoscopic processes occurring over space 

(one voxel is composed of millions of magnetic spins) and time (usually in the order of 

milliseconds). The diffusion, for instance, is due to the Brownian movement and convection 

of water molecules within cells, between cells and through membrane aquaporin pores. 

Although very complex at nanoscopic scale, these chaotic displacements of water molecules 

can be described through probability functions [e.g. Gaussian in free water (Einstein, Azyw)] 

that are highly reproducible on a macroscopic scale, and can therefore be modeled. But 

these probability functions also depend on the microscopic structure of the tissue (e.g. size 

of the cells and direction of the fibers), which hinders or restricts the global diffusion and 

thus modifies the MRI signal. Explaining the macroscopic features from the micro- and 

nanoscopic processes requires the isolation of the main effects from the negligible ones, a 

task that is particularly difficult because i) many of the parameters involved are difficult to 

measure directly (e.g. diffusion coefficients, membrane permeabilities, exchange rates); ii) 

the precision of the measurements, hardware capability and experiment duration are 

limited, and iii) the observed signal usually shows a simple behavior (e.g. bi-exponential) 

with only subtle changes.  

8.Q.T.8 Choosing the right model 

Due to this difficulty in relating the macroscopic to the microscopic, many models have 

been developed for each MRI modality. While most diffusion models share the same 

approach (i.e., they are based on a mixture of free, hindered and restricted water 

compartments), they usually propose to take into account additional effects or to make 

additional simplifications and assumptions. Choosing the right model is not 

straightforward and multiple criteria need to be taken into account. The complexity of the 
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model, which can be defined by the number of parameters to fit, is one important criterion; 

while the most complex models are supposedly more accurate and specific, they produce 

less precise metrics with worse image quality, and thus cannot detect a subtle change in 

tissue integrity. On the other hand, simple models produce metrics that are harder to 

interpret because of the difficulty in decoupling the contributions from multiple sources. 

Another criterion for choosing the right model is the targeted tissue. Indeed, in the majority 

of the white matter, the large dispersion of orientation (and crossing) of the fibers needs to 

be taken into account in the diffusion model (via additional parameters). Zhang et al. 

proposed a popular model called NODDI (Zhang et al., ?@A?) that can quantify this 

dispersion of orientation as well as the intra-axonal volume. However, this aspect can be 

neglected (which simplifies the modeling) in the spinal cord white matter where there is 

good coherence of orientation (Grussu et al., ?@Aw). Choosing the right model also goes 

hand in hand with deciding the acquisition strategy: instead of building very complex 

models that would work with any acquisition protocol, another interesting strategy is to 

adapt the acquisition in order to simplify the modeling. For instance, acquiring diffusion 

data only in one direction perpendicular to the direction of the fibers (in tissues with good 

coherence of orientation) allows simpler modeling than a complete rD acquisition, and thus 

the extraction of more robust metrics with shorter protocols. Another example is the choice 

of diffusion time in the protocol: the longer the diffusion time, the more hindered the 

diffusion in the extra-axonal compartment (Burcaw et al., ?@Ay). Acquisition protocols that 

have only long diffusion times will thus be modeled differently from those consisting only 

of short durations. Some groups even proposed changing the acquisition paradigm: 

oscillating instead of pulsed magnetic gradients have been used successfully to encode the 

diffusion (Lundell et al., ?@Ay; Shemesh et al., ?@Ay); additional preparatory pulses have 

been used in myelin imaging to cancel the signal from free water protons (VISTA) (Oh et 

al., ?@Ar). 

8.Q.T.Q Validating the models 

Testing and validating the different models requires a good ground truth, which is hard to 

get. The comparison of the MRI signal with histology, as well as the fabrication of realistic 
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and well-controlled synthetic phantoms is an active field of research in microstructural 

imaging. Histology is technically complex due to tissue deterioration during the 

preparation stages (e.g. fixation, staining, slicing) and it is limited due to the many coupled 

variables that cannot be controlled independently. While histology is a great method for 

demonstrating the sensitivity to a particular microstructural feature, it cannot easily be 

used to show the specificity. Indeed, microstructural properties (g-ratio, TA, absolute myelin 

content, water content, axon diameter) generally correlate with each other. Hence, 

assessing with confidence the specificity of each individual metric is an inherently ill-posed 

problem.  

The issue of validation from ex vivo data is further complicated by the difficulty in 

generating, from histology, ground truth data that match the resolution of MRI: within a 

single MRI voxel there lie thousands of axons, which need to be individually labeled in order 

to retrieve aggregated ground truth metrics such as axon diameter and myelin. Fortunately, 

recent efforts in open-source software3 for automatic axon and myelin segmentation (Zaimi 

et al., ?@Aw) will make it easier for researchers to use large-scale histology and validate the 

relationship of their metric with the desired microstructural feature. Although numerical 

and synthetic phantoms allow for better-controlled experiments, this approach needs to be 

complemented with more realistic white matter tissue. In summary, there is no perfect 

validation method and the research community relies on the accumulation of evidence 

from diverse approaches to validate quantitative MRI methods.  

8.Q.T.T Translating the models to the damaged tissue 

Tissue characteristics can change drastically in pathology. The proliferation of microglia, 

inflammation, the presence of axonal debris, or the constitution of a glial scar in nervous 

tissue limit the validity of some assumptions used in models [e.g. impermeability of the 

myelin sheath in demyelination, unrestricted diffusion in the extra-axonal compartment 

                                                

3 https://github.com/neuropoly/axonseg  
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(Syková et al., Azzz)]. Choosing a model that is robust to all pathological cases is one of the 

biggest challenges of quantitative MRI. 

8.Q.[ Performance of quantitative MRI metrics 

Quantitative MRI has seen many improvements thanks to better acquisition strategies 

(Deoni et al., ?@@r; Marques et al., ?@A@; Oh et al., ?@Ar; Prasloski et al., ?@A?; Van et al., 

?@An), optimized experimental designs (Alexander, ?@@x), more robust models (Zhang et 

al., ?@A?), and advanced data processing, such as faster and more stable equation solvers 

(Daducci et al., ?@Ay; Sepehrband et al., ?@Aw). On top of that, acquisition time, noise level 

and image artifacts (e.g. sensitivity to movement) have been improved thanks to 

improvements in hardware, in terms of field and gradient strength, coils and sequences (e.g. 

parallel imaging, simultaneous multislice excitation, reduced field of view). By combining 

all these improvements, the quantitative MRI metrics cited in previous sections can provide 

high-quality maps, with image quality similar to that of conventional MRI images, in just a 

couple of minutes. Beyond these improvements in acquisition time and image quality, 

quantitative MRI also requires accurate and reproducible ways of extracting the values in 

specific regions, a task facilitated by the development of automatic and robust 

segmentation, registration and metric extraction software and pipelines (Dupont et al., 

?@Aw; Vollmar et al., ?@A@). Unfortunately integrating all these improvements is difficult 

and time-consuming; in practice, basic or unoptimized methods are always used at some 

point, which leaves space for even better results in the future. 

8.Q.[.7 Qualitative assessment 

One approach to estimate the sensitivity and precision of a quantitative metric is to 

qualitatively assess the level of noise and detail in the maps. In the latest implementations, 

model-based diffusion MRI metrics can produce highly detailed maps with high contrast-

to-noise ratio (Daducci et al., ?@Ay). Although MWF mapping was particularly noisy when 

it was first introduced (MacKay et al., Azzn), relatively good quality MWF maps can now be 

obtained rapidly (Deoni et al., ?@@x; Oh et al., ?@Ar; Prasloski et al., ?@A?). qMT generates 

maps with similar noise level as MWF (depending on acquisition time), but with 
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particularly small contrast in the white matter (Dula et al., ?@A@; Levesque et al., ?@A@). 

Proton density maps are highly detailed with relatively good quality and correlate with qMT 

and MWF (Mezer et al., ?@Ar). 

8.Q.[.8 Reproducibility 

The reproducibility of quantitative metrics is usually assessed by the coefficient of variation 

(CoV) and/or the voxel-wise Pearson correlation coefficient (r) in scan-rescan experiments 

of the same subject at two different time points (the subject is removed from the scanner 

between scans).  

Most model-based quantitative metrics have a good CoV (<A@%). These include  fr (Grussu 

et al., ?@Ay), MWF (Wu et al., ?@@w), PD (Mezer et al., ?@Ar) and qMT (Levesque et al., 

?@A@). Some metrics, however, are less stable on clinical setups and are adapted essentially 

for research scanners and studies; axon diameter measurements, for instance, present 

relatively large CoV values on clinical scanners (>AA%) (Clayden et al., ?@Ay) due to the 

requirement of strong gradients (Dyrby et al., ?@A?; Huang et al., ?@Ay). 

Particularly good whole-brain scan-rescan correlations (r >@.z) have been shown for the 

metrics fr (Tariq et al., ?@A?) and PD (Mezer et al., ?@Ar). While such high values are quite 

remarkable, comparing correlation coefficients between quantitative metrics is particularly 

risky because r is highly dependent on the dynamic of the metric. For example, the g-ratio 

is relatively constant in healthy tissue, leading to low correlation coefficients. On the 

contrary, metrics that present high contrast between CSF and white matter would have high 

correlation coefficients as a result of CSF contamination. Also, the same metric can present 

very different correlation coefficients depending on the region of interest selected to 

perform the comparison (e.g. including both gray and white matter, as opposed to white 

matter only, usually improves the correlation coefficient). Future studies where several 

metrics are acquired within the same sample would shed light on this issue.  

Another interesting metric that can be used to assess metric reproducibility is the intraclass 

correlation coefficient (ICC); indeed, the ICC shows the capability of a metric to detect 

differences between subjects that are significantly higher than the intra-subject scan-rescan 
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difference. In the presence of significantly higher inter-subject differences the ICC should 

be close to A. Instead, if the values are similar, ICC will be close to @.y. Using this statistic, 

it has been shown that both diffusion MRI (ICC=@.xn for fr in the spinal cord) (Grussu et 

al., ?@Ay) and myelin imaging techniques (ICC=@.Bw for MWF in the brain) (Meyers et al., 

?@Ar) are able to detect differences of white matter microstructure between two healthy 

subjects. 

8.Q.[.Q Sensitivity 

Within the white matter, the microstructure can change drastically, mainly due to large 

differences in axon diameters between regions (see section “White matter microstructure”). 

While the white matter appears homogeneous on conventional MRI scans, quantitative 

MRI reveals microstructural differences, notably between different regions of the corpus 

callosum (Alexander et al., ?@A@; Barazany et al., ?@@z; Mezer et al., ?@Ar; Stikov et al., 

?@Aya) or between spinal cord tracts (Duval et al., ?@Ay; T. Duval et al., ?@Awa; Fujiyoshi et 

al., ?@Aw; Taso et al., ?@Aw). These metrics can also track the microstructural changes related 

to brain development (Dean et al., ?@Aw; MacMillan et al., ?@AA; Saito et al., ?@A?) or tissue 

deterioration in pathology (Chong et al., ?@Aw; Fujiyoshi et al., ?@Aw; Klawiter et al., ?@AA; 

Schmierer et al., ?@@x; Stikov et al., ?@Aya). The good sensitivity and reproducibility of these 

metrics suggest an improved capacity to detect subtle changes. Note that the sensitivity of 

quantitative MRI metrics implies the sensitivity of the non-quantitative MRI contrasts that 

produced this metric. However, compensating effects (e.g. simultaneous increase of TA and 

MT) can conceal subtle changes in non-quantitative MRI contrast.  

8.Q.[.T Specificity 

Specificity is supposed to be the main asset of quantitative MRI metrics since these metrics 

disentangle the information from different sources. Unfortunately, assessing the specificity 

of quantitative MRI metrics is challenging due to the inter-correlation of many 

microstructural and MR parameters in the white matter (e.g. axon diameter, axon density, 

myelin content, water content, TA, T?*) (see the section “Challenges”). This issue can lead 

to incorrect interpretation of tissue structure: TA, for instance, has been considered 
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successively as a semi-quantitative marker for myelin (Koenig et al., Azz@), for water 

content (Fatouros and Marmarou, Azzz), and even for axon diameter (Harkins et al., ?@Aw). 

While the lack of specificity of the early quantitative MRI metrics is commonly pointed out 

(Alexander et al., ?@@B; Schwartz et al., ?@@y; Wheeler-Kingshott and Cercignani, ?@@z), 

model-based metrics bring new information (i.e. not perfectly correlated with conventional 

metrics) (Alexander et al., ?@A@; Zhang et al., ?@A?) that correlates with histology 

(Alexander et al., ?@A@; Barazany et al., ?@@z; Dula et al., ?@A@; Duval et al., ?@Ay, ?@Awb; 

Ong and Wehrli, ?@A@; West et al., ?@Awb), and improves specificity in lesions (Kipp et al., 

?@Aw; Stikov et al., ?@Aya). More comprehensive models (Burcaw et al., ?@Ay), as well as a 

new paradigm for measuring myelin (Sheth et al., ?@Aw), should further improve the 

specificity of these metrics. 

8.Q.[.[ Accuracy 

In the early stages of MRI biomarker development, accuracy could be considered a 

secondary issue. Indeed, if a quantitative metric presents good reproducibility across sites, 

as well as good sensitivity and specificity to microstructure integrity, this metric requires 

only normative values from healthy subjects in order to decide whether or not a patient 

presents abnormal values. An atlas of widely used semi-quantitative metrics has already 

been generated [e.g. FMRIByx_FA (Smith et al., ?@@n)].  

However, accuracy is important in model-based quantitative MRI for validating the models 

and for allowing accurate interpretation of tissue integrity in different case scenarios. 

Accuracy is notably important when several metrics are combined, such as in computing 

the g-ratio, to prevent misinterpretation (Campbell et al., ?@Aw). Accuracy is usually 

assessed by comparing MRI metrics with features extracted from ex vivo tissue such as those 

reported in Figure ?.Ar. Some metrics can be directly compared such as PD, fr or axon 

diameter distribution. While PD and fr present relatively good accuracy (Nilsson et al., ?@Ar; 

PS Tofts, ?@@r), axon diameter measurement has been reported to be overestimated by a 

factor of ~r (Alexander et al., ?@A@; Horowitz et al., ?@Ay; Innocenti et al., ?@Ay; Zhang et 

al., ?@AA), and this was recently shown to be due to modeling issues (Burcaw et al., ?@Ay) 
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that were affecting the specificity of this metric. Unfortunately, many metrics, such as MWF 

and qMT, cannot be compared directly because they are specific to different 

microstructural features (myelin water for MWF, macromolecules for qMT). However, the 

MRI metric (e.g. MWF) can be calibrated to get accurate measurements of the 

microstructural feature (in this case, the myelin volume fraction, or MVF). Usually this 

calibration assumes a linear relationship between the MRI metric and the targeted 

microstructural parameter (i.e. MWF µ MVF), and is performed using synthetic phantoms 

(e.g. agar-agar solution with a known concentration) or using a few normative values 

measured with histology on healthy tissue (e.g. white matter and gray matter myelin 

content). While these calibration strategies might be a good approximation for healthy 

tissue, a linear assumption might not hold in pathology. For instance, how should we define 

the MWF or the fr in axons presenting unwrapped myelin sheaths? For these reasons, 

special care should be taken in evaluating the accuracy of quantitative MRI metrics. 
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8.Q.\ Example of quantitative MRI images 

In this section, we present some examples of quantitative MRI maps. These maps are often 

easily distinguished from conventional MRI by the presence of a colorbar associating a pixel 

color with a quantitative value. Figure ?.A? shows maps of MVF, axon volume fraction (AVF) 

and g-ratio obtained using qMT and NODDI on a multiple sclerosis patient. As shown in 

section reproducibility, the variation of these metrics across healthy subjects is relatively 

low (CoV<A@%) which means that the underlying microstructure within a healthy 

population does not vary much. Knowing this, alteration of tissue integrity can be detected, 

not from the contrast with surrounding tissue, but directly from the quantitative value. 

Thanks to robust registration procedures, it is also possible to detect abnormal values 

automatically, segment a lesion, and provide statistics. Conventional fluid attenuated 

inversion recovery (FLAIR) contrast clearly indicates the presence of three hyperintense 

lesions. While these three lesions are associated with a reduction of myelin content MVF 

and axon density AVF, only one of them presents an abnormal g-ratio, suggesting a gain in 

specificity of the g-ratio metric.   

 

Figure 8.78: Example of multi-parametric quantitative MRI maps of a multiple 

sclerosis patient. Myelin volume fraction (MVF) was obtained using a qMT 

(Henkelman et al., Azzr), axon volume fraction (AVF) was computed using the 

NODDI model (Zhang et al., ?@A?), and g-ratio was calculated from AVF and MVF 

(Stikov et al., ?@Aya). Conventional FLAIR contrast indicates the presence of three 



nr 

 

hyperintense lesions. These lesions are associated with a reduction in MVF and 

AVF, but only one lesion show an abnormal g-ratio (>@.x). 

Ex vivo experiments, such as that presented in Figure ?.Ar, enable comparison between MRI 

and histology to assess the sensitivity and accuracy of models. Because microstructural 

parameters are correlated between each other (e.g. axon diameter, axon density and g-

ratio), assessing their specificity is not straightforward, and would require a number of 

comparisons, not only in healthy white matter, but also in pathological tissue (West et al., 

?@Awb). 

 

 

Figure 8.7Q: A comparison of ex vivo quantitative MRI maps with histology. Once 

segmented, histology can provide mean axon diameter or myelin volume fraction 

in a voxel. Visually, MRI and histology are in agreement, supporting the sensitivity 

of MRI to these specific microstructural properties.   
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8.Q.a Concluding remarks 

In this brief review, we have described the most common quantitative MRI metrics and the 

methodology for modeling white matter. We showed that state-of-the-art quantitative MRI 

techniques produce reproducible maps that are highly sensitive to particular 

microstructural parameters. These maps are more specific to white matter microstructure 

than conventional MRI metrics, and can be calibrated to give meaningful numbers. While 

the long-term objective is to be able to retrieve the exact tissue microstructure and assess 

its integrity non-invasively, current quantitative MRI metrics should be interpreted 

carefully. With automatic processing pipelines, quantitative MRI should see more clinical 

applications in the next few years, notably for diagnosis and prognosis of diseases, as well 

as the monitoring of the effects of treatment. 
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CHAPITRE Q DÉMARCHE DE L’ENSEMBLE DU TRAVAIL 

Les mesures quantitatives en IRM passent donc par l’acquisition de plusieurs images IRM 

avec des contrastes différents, jusqu’à plusieurs centaines pour l’imagerie IRM de diffusion. 

Se posent alors plusieurs défis pour les chercheurs : (i) comment combiner ces différents 

contrastes pour obtenir une mesure quantitative (problème de modélisation du signal), (ii) 

quels contrastes (et donc quels paramètres d’acquisition IRM) doivent être acquis pour faire 

des mesures précises et exactes (problème d’optimisation des protocoles), (iii) quels sont 

les facteurs pouvant biaiser les mesures (problèmes de correction d’artefact, de calibration) 

et (iv) comment extraire les mesures de façon systématique et reproductible (problèmes de 

traitement d’image). Prenons l’exemple de l’IRM de diffusion qui encode le mouvement 

brownien (diffusion) des molécules d’eau au sein d’un tissu par une perte de signal (Le 

Bihan et al., Azxw; Stejskal and Tanner, Azwy). Chaque image contrastée en diffusion (DWI) 

informe sur la proportion de molécules d’eau qui s’est déplacée d’une distance de plus de 

A/q (définie par l’intensité Gmax et la durée δ d’application d’une paire de gradient de champ 

magnétique), pendant un temps ∆ (délai séparant l’application des deux champs 

magnétique) et dans une direction donnée Ä (direction des gradients). Il s’agit donc d’une 

mesure très indirecte de la diffusion. Le premier défi consiste donc à décrire analytiquement 

le phénomène, en faisant des hypothèses probabilistes (e.g. diffusion gaussienne), puis 

interpréter la solution. Ceci a donné naissance à une multitude de modèles bio-physiques 

plus ou moins simplistes, plus ou moins applicables en clinique, et difficiles à valider.  

Ces dernières années, plusieurs expériences d’IRM quantitative, exploitant ces modèles bio-

physiques, ont été effectuées sur la moelle épinière animale ex vivo montrant (i) un bon 

contraste entre les tractus de la moelle (Ong and Wehrli, ?@A@; Shemesh et al., ?@Ar) et (ii) 

une meilleure sensibilité aux lésions traumatique par rapport aux images d’IRM anatomique 

classique (Nossin-Manor et al., ?@@?). La première étape de cette thèse fût d’appliquer ces 

modèles afin d’obtenir des valeurs quantitatives in vivo dans les différents tractus de la 

moelle épinière humaine. Pour cela, nous avons mis en place un protocole IRM puis une 

chaîne de traitement (voir articles des chapitres T, [ et \). Le protocole choisi s’est appuyé 
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sur les innovations technologiques qu’a observé l’IRM ces dernières années, abordées en 

introduction, afin d’obtenir des images de moelle épinière in vivo de haute qualité, très 

rapidement, et pour différents contrastes.  

Bien que des expériences sur l’humain in vivo ont déjà montré que des biomarqueurs IRM 

liés à la microstructure des fibres peuvent être extraits sur des scanners cliniques (i.e. 

Gmax=w@mT/m) (Alexander et al., ?@A@; Grussu et al., ?@Ay; Schneider et al., ?@A?), il y a 

cependant une limitation intrinsèque au diamètre axonal minimum auquel on peut être 

sensible (Bar-Shir et al., ?@@x; Huang et al., ?@Ay; Nilsson and Alexander, ?@A?). Le diamètre 

minimum est ainsi aux alentour de wµm à w@mT/m et rµm à r@@mT/m (Nilsson and 

Alexander, ?@A?), soit du même ordre de grandeur que les axones myélinisés de la moelle 

humaine où z@% des axones ont un diamètre compris entre A et nµm  (Lassek, Azny). Ainsi, 

grâce à ses gradients élevés (Gmax=r@@mT/m), l’IRM “Connectom” a montré des résultats 

encourageant pour l’estimation de diamètre axonale sur le corps calleux humain (Huang et 

al., ?@Ay; McNab et al., ?@Ar). L’utilisation de ce scanner pour extraire une information 

quantitative sur la moelle humaine in vivo est détaillé dans l’article du chapitre T. 

Les méthodes d’IRM quantitative se heurtent cependant toutes à une difficulté : 

l’information obtenue est partielle et ne permet pas de donner une vision complète de 

l’intégrité du tissu. Pour reprendre l’exemple de l’IRM de diffusion, cette méthode est 

sensible uniquement aux protons des molécules d’eau libres, et est aveugle à la myéline et 

autres macromolécules. L’épaisseur de la gaine de myéline entourant les axones, une 

information pourtant cruciale pour diagnostiquer l’évolution de patient atteints de 

maladies neuro-dégénérative, n’est donc pas mesurable avec l’IRM de diffusion seule. L’idée 

proposée par nos collaborateurs de l’université McGill est donc de combiner plusieurs 

méthodes d’IRM quantitative afin d’obtenir cette information (Stikov et al., ?@AA). 

L’application de cette méthode sur l’humain in vivo est détaillé dans l’article du chapitre [. 
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Un important défi lors de l’application de l’IRM quantitative in vivo consiste alors à corriger, 

ou à se prémunir de tout biais potentiel. Il y a ainsi l’effet du bruit des antennes de moyenne 

non-nulle (Aja-Fernández et al., ?@AA; Koay et al., ?@@z); du mouvement du patient 

(Mohammadi et al., ?@Ar); de la courbure de sa moelle (Duval et al., ?@Ay); du repliement 

potentiel de signal issue de la graisse du cou, de sa pulsation cardiaque (qui peut entraîner 

une perte de signal) (Piché et al., ?@@z; Summers et al., ?@@w), du flou lié aux 

inhomogénéités local du champ (T?*) et des effets de volume partielle (CSF et matière 

blanche combinés dans un pixel) (Lévy et al., ?@Ay), ou encore des artefacts de Gibbs (Block 

et al., ?@@x). Des algorithmes prenant en compte ces biais ont été développés et intégrés à 

la librairie open-source Spinal Cord Toolbox4 (SCT) développée au sein du laboratoire (De 

Leener et al., ?@Aw). En plus de la correction des biais, cette librairie a été développée pour 

répondre à un important défi : traiter de façon systématique et reproductible les images 

IRM de la moelle épinière. Tout une chaîne de post-traitement incluant la création d’un 

atlas des tractus de la moelle, recalage de cet atlas sur la moelle de chaque sujet, et 

extraction des mesures a été mis en place. Cela a permis dès nos premiers essais à faire des 

analyses statistiques par tractus de la moelle, automatiquement. Le projet SCT a grandi aux 

côtés de nos essais d’IRM quantitative de la moelle, les deux projets s’abreuvant 

mutuellement. La bonne reproductibilité entre deux scans successifs du protocole et de la 

chaîne de traitement a été validée dans l’article n du chapitre \. 

Des solutions ont été proposées pour post-traiter ces images, les combiner et enfin les 

exploiter. Tous ces défis techniques surmontés, l’utilisation de l’IRM quantitative sur la 

moelle épinière humaine peut donc être envisagée.  

  

 

 

                                                

4 https://sourceforge.net/projects/spinalcordtoolbox/  
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Les problèmes de modélisation bio-physique du signal IRM ont été abordés dans l’article 

de revue du chapitre 8 (Modeling White Matter Microstructure), et une bonne partie de 

cette thèse a été consacrée à la validation de ces modèles par la mise en place de l’histologie 

à grand champ de vue avec segmentation automatique de la myéline. Les résultats de cette 

validation sont détaillés dans les articles des chapitres a et d.  

Enfin, afin que cette recherche ait une réalité clinique, des études sur le transfert des 

méthodes d’IRM quantitative sur IRM clinique à gradients modéré, ainsi que l’applicabilité 

sur des patients atteint de sclérose en plaques, était nécessaire. Ces travaux, présentés en 

conférences (Duval et al., ?@AB, ?@Aw), sont décrits au chapitre e. 
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Figure Q.7: Structure de la thèse 
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The ability to characterize white matter microstructure non-invasively has important 

applications for the diagnosis and follow-up of several neurological diseases. There exists a 

family of diffusion MRI techniques, such as AxCaliber, that provide indices of axon 

microstructure, such as axon diameter and density. However, to obtain accurate 

measurements of axons with small diameters (<y µm), these techniques require strong 

gradients, i.e. an order of magnitude higher than the n@-x@ mT/m currently available in 

clinical systems. In this study we acquired AxCaliber diffusion data at a variety of different 

q-values and diffusion times in the spinal cord of five healthy subjects using a r@@ mT/m 

whole body gradient system. Acquisition and processing were optimized using state-of-the-

art methods (e.g., wn-channel coil, template-based analysis). Results consistently show an 

average axon diameter of n.y +/- A.A µm in the spinal cord white matter. Diameters ranged 

from r.@ µm (gracilis) to y.z µm (spinocerebellar tracts). Values were similar across 

laterality (left-right), but statistically different across spinal cord pathways (p<A@-y). The 

observed trends are similar to those observed in animal histology. This study shows, for the 

first time, in vivo mapping of axon diameter in the spinal cord at r@@ mT/m, thus creating 

opportunities for applications in spinal cord diseases. 

Keywords: diffusion MRI, AxCaliber, axon diameter, quantification, human, spinal cord 
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T.7 Introduction 

The spinal cord white matter is organized into bundles of myelinated and unmyelinated 

axons. Each bundle, or pathway, conveys ascending or descending electrical signals that are 

essential to ensure adequate synergy between the brain and the peripheral nervous system. 

Any damage to these axons can have a dramatic impact on a person’s quality of life leading 

to motor (paralysis) and/or sensory deficits; and, in some cases, neuropathic pain (Dijkers 

et al., ?@@z). Axon damage can have various causes, such as spinal cord injury, autoimmune 

and neurodegenerative diseases (e.g., multiple sclerosis), cancers, and vascular diseases. 

Due to the highly specific roles of each spinal pathway in the regulation of the central 

nervous system, the prognosis of functional recovery, for a patient who has sustained an 

injury, strongly depends on the type of pathways damaged (Rossignol et al., ?@@w). 

Moreover, in some pathologies, specific populations of axons are preferentially targeted: 

multiple sclerosis affects smaller axons first (DeLuca et al., ?@@n), while motor-neuron 

diseases target larger axons (Cluskey and Ramsden, ?@@A). These observations motivate the 

development of non-invasive biomarkers of axon diameter sizes for a better understanding 

of the pathophysiology of those diseases, and to improve precision of diagnosis and 

validation of therapeutic strategies.  

In the human spinal cord, the internal diameter of myelinated axons varies from A to A@μm 

(Peters et al., AzzA; Waxman et al., Azzy). Large axons are believed to have higher firing 

frequencies and conduction velocities, at the expense of more energy used (Perge et al., 

?@A?). Histological studies reported large differences of axonal microstructure (e.g., mean 

axon diameter, density and myelin membrane thickness) across spinal pathways (Dula et 

al., ?@A@; Nieuwenhuys et al., ?@@B). For instance, dorsal column axons in the gracilis are 

generally smaller than that in the cuneatus (Nieuwenhuys et al., ?@@B). However, due to 

the need for sub-micrometric resolution and the difficulty in performing histology across 

the entire spinal cord with large throughput, there is poor documentation of spinal cord 

microstructure in humans.  
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Diffusion magnetic resonance imaging (MRI) measures the random microscopic motion 

(diffusion) of water protons (Le Bihan et al., Azxw; Stejskal and Tanner, Azwy). In white 

matter, water molecules diffuse preferentially along the coherently oriented myelinated 

axons (Beaulieu and Allen, Azzn). This anisotropic diffusion is often modeled as a tensor 

(diffusion tensor imaging, DTI) (Basser and Pierpaoli, Azzw) and was shown to correlate 

with demyelination and/or axonal loss (Klawiter et al., ?@AA; Song et al., ?@@y). However, 

the interpretation of water diffusion via a tensor is often challenging, as diffusion anisotropy 

can be affected by axon density, size and shape and other fibrous structure such as scar 

tissue (Schwartz et al., ?@@y; Wheeler-Kingshott and Cercignani, ?@@z). A family of 

advanced diffusion MRI, called q-space imaging, measures the full diffusion propagation 

profile of water molecules at a given diffusion time (Callaghan et al., Azxx), providing 

metrics related to the microstructure (Lätt et al., ?@@x; Ong et al., ?@@x). Moreover, by 

introducing models of white matter, diffusion MRI can quantify the relative size of 

compartments where diffusion is restricted (within axons), hindered (between axons) and 

free (Gaussian) (Assaf and Basser, ?@@y). Based on these compartments, Assaf et al. 

introduced a method called “AxCaliber” which is sensitive to axon diameter distribution 

(Assaf et al., ?@@x). In practice, this is achieved by varying the strength of the diffusion-

sensitizing gradients (Gmax) and the duration between the applications of these two 

diffusion gradients (diffusion time, Δ). In recent years, several diffusion MRI experiments 

were performed in the animal ex vivo spinal cord showing (i) good contrast of 

microstructure parameters between the spinal cord pathways (Ong and Wehrli ?@A@; 

Shemesh et al. ?@Ar) and (ii) better sensitivity to traumatic lesions compared to anatomical 

images (Nossin-Manor et al. ?@@?). Results from diffusion MRI in the in vivo human spinal 

cord also showed that metrics related to tissue microstructure could be extracted (Grussu 

et al. ?@Ay). 

However, model-free (Lätt et al., ?@@x; Ong et al., ?@@x) and model-based (Assaf et al., 

?@@x) quantitative diffusion MRI methods require strong magnetic gradients (several 

hundreds of mT/m) in order to obtain accurate measures of axon diameters and are 

therefore not feasible in clinical scanners (n@-x@ mT/m) (Bar-Shir et al., ?@@x). Other 
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model-based diffusion MRI techniques like ActiveAx (Alexander, ?@@x) can yield robust 

estimate of axon diameters even at w@ mT/m (Alexander et al., ?@A@; Schneider et al., ?@A?) 

but come at the expense of adding more constraints to the model, which can introduce 

further bias in the estimation (Alexander et al., ?@A@). Furthermore, despite advances in the 

modeling approaches to axon diameter measurements there is an intrinsic limitation in the 

minimum axon diameters that can be disentangled (Huang et al., ?@Ay; Nilsson and 

Alexander, ?@A?). For example, the minimal axon diameter is around wµm at w@mT/m and 

rµm at r@@mT/m (Nilsson and Alexander, ?@A?). This justifies the use of strong gradients 

for advanced diffusion MRI experiments. A corollary advantage of using stronger gradients 

is the possibility to achieve lower echo times (TE) while keeping b-value constant, which 

offers significantly higher signal-to-noise ratio (Cohen-Adad et al., ?@AA). Recently, the first 

human scanner equipped with r@@ mT/m gradients showed encouraging applications in 

humans including mapping axon diameter distributions in the in vivo human corpus 

callosum (McNab et al. ?@Ar; Huang et al. ?@Ay). 

The goals of the current study were (i) to design an experimental setup and acquire q-space 

AxCaliber data in the in vivo human cervical spinal cord using r@@ mT/m gradients and (ii) 

to estimate axon diameters and density within specific spinal pathways. Data acquisition 

and processing were optimized using state-of-the-art methods, including a wn-channel coil 

(Keil et al., ?@Ar) and a newly-developed template and atlas of spinal cord (Benhamou et 

al., ?@An; Fonov et al., ?@An) for automatic and unbiased quantification of metrics within 

specific spinal pathways.  
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T.8 Methods 

T.8.7 Acquisition 

Five healthy subjects were recruited (mean age ?x +/- AA, three males). This study was 

approved by the institutional review board at Massachusetts General Hospital (MGH) and 

written informed consent was obtained from all subjects. MR experiments were performed 

on a rT system (MAGNETOM, Siemens Healthcare, Germany), equipped with a Connectom 

Gradient (ASr@?) (Setsompop et al., ?@Ar) capable of up to r@@ mT/m along each axis and 

a maximum slew rate of ?@@ mT/m/ms (downgraded to z@ mT/m/ms for the diffusion 

gradients due to safety concerns). A custom-made w@-channel phased-array head/neck 

receive coil was used, in combination with the n more superior elements of the commercial 

spine matrix (Keil et al., ?@Ar), yielding wn channels. The isocenter was set at the level of 

the mouth. 
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Figure T.7: Placement of slices (yellow), saturation bands (red) and shimming 

volume (green). Four slices were placed in the middle of the vertebral body at 

levels CA, C?, Cr and Cn, by adjusting the slice gap for each subject. Slices were 

orthogonal to the SC. Optimal shim coefficients (up to ?nd order) were calculated 

within a small box encompassing the spinal cord. To prevent aliasing associated 

with reduced FOV, two saturation bands were prescribed anteriorly and 

posteriorly.  

Diffusion weighted (DW) data were acquired using a single shot spin echo EPI sequence 

with monopolar gradient scheme. Four axial slices (y mm thick) were centered at CA, C?, 

Cr and Cn vertebral bodies to minimize B@ inhomogeneity (Cohen-Adad et al., ?@AA), as 

illustrated in Figure T.7. Optimal shim coefficients of second order were calculated within 

a small box encompassing the spinal cord (green box in Figure T.7). Two saturation bands 

were prescribed anterior and posterior to the spinal cord to prevent aliasing in the phase-

encoding direction (A-P) (red grids in Figure T.7).  

Q-space was sampled in the plane orthogonal to the slice-select gradient (i.e., orthogonal 

to the main direction of spinal tracts) along four opposite directions: XY, -XY, X-Y and -X-
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Y, as illustrated in Figure T.8.a. These four directions were chosen in order to (i) correct 

eddy-current distortions using the reversed-gradient method (Bodammer et al., ?@@n), (ii) 

minimize the bias introduced by fibers that would be not perfectly aligned along Z and (iii) 

maximize gradient strength by a factor √?, given that r@@ mT/m is available in each channel 

and can be summed up. Sampling density was increased quadratically towards high q-

values to overcome the loss of SNR and be more sensitive to smaller axon diameters.  

Sequence parameters were: pulse width δ= x ms, maximal gradient strength Gmax = √? * r@@ 

= nA@ mT/m, diffusion times ∆ = {?@, ry, y@} ms, TE = {wy, B@, xy} ms (minimized for each 

diffusion time), TR ≈ ? s (depends on cardiac rate), voxel size = @.x×@.x×y mmr, matrix size 

= A?x×A?x, bandwidth = AAxy Hz/pixel, R=? acceleration with GRAPPA reconstruction, 

effective echo spacing (accounting for acceleration) = @.nz ms. Acquisitions were cardiac-

gated using pulse oximeter probe. Acquisition window for gating was set to B@@ ms and 

started at A@@ ms after the pulse oximeter peak to be in the quiescent regime (Summers et 

al., ?@@w). Acquisition time for the AxCaliber protocol was around r@ min for a total of w?r 

images.  

In addition to the AxCaliber protocol, nr volumes were acquired with diffusion gradients 

rotating about the spinal cord axis (see Figure T.8.b), with b-value set to x,BB@ s/mm? (δ=x 

ms, Δ=y@ ms, Gmax=?@@ mT/m). This was done to quantify the contribution of axons that 

were not perfectly aligned along the Z axis, as they would create an angular dependence on 

the diffusion-weighted signal.  

 

Figure T.8: Illustration of the diffusion encoding gradients used in the AxCaliber 

protocol (a) and in the protocol for probing orientation dependence (b). The latter 

protocol aims at exploring fibers that are not oriented along Z (e.g., collateral 

fibers entering the dorsal aspect of the cord).  
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T.8.8 Preprocessing 

T.8.8.7 Eddy-current correction 

Reversed-gradients technique was used for correcting eddy-current artifacts (Bodammer et 

al., ?@@n). This technique consists of estimating the transformation between two images 

acquired with opposite diffusion gradient directions. To improve accuracy, each slice was 

corrected independently, assuming only rigid transformation (Tx, Ty). No scaling or 

shearing was estimated, which, to our preliminary data, was a satisfactory assumption, 

given that the spinal cord occupies a relatively small region (~A×A cm?), and hence is 

minimally affected by transformations that scales with X and Y. The slice-wise correction 

was preferred to the volume-based correction because the amplitude of eddy-current 

artifacts varied along Z, yielding non-rigid deformations. Transformations were estimated 

with FSL FLIRT (Jenkinson et al., ?@@?), using a custom-made schedule file5. A ?D Gaussian 

mask centered on the spinal cord was used as a weighting mask in order to register the 

spinal cord independently from the rest of the body (e.g., surrounding muscles, fat). All 

transformations were then saved (for final combination with motion correction 

transformations) and applied (for estimating motion correction, see below).  

T.8.Q Motion Correction 

After correcting for eddy-current distortions, subject motion was estimated on a slice-by-

slice basis using the same schedule file as before (Tx, Ty) and the same Gaussian mask. 

Contrary to previous studies (Cohen-Adad et al., ?@@x), interspersed b=@ images were not 

used to estimate subject motion, because CSF flow affected some b=@ images differently 

and hence could have introduced spurious motion correction parameters. Instead, motion 

was estimated based on the diffusion-weighted images that ranged between b-values of nr@ 

s/mm? and b-values of n@@@ s/mm?. These values were empirically chosen so that images 

                                                

5 https://github.com/neuropoly/spinalcordtoolbox/blob/master/flirtsch/schedule_TxTy.sch 
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presented sufficient SNR and no visible CSF contamination (see Figure T.Q). The first image 

was used as the reference image for registration (i.e., target image).  

 

Figure T.Q: Examples of DW images with selected b-values in the lowest range 

(nr@<b<n@@@ s/mm?) used for motion correction. These images offer sufficient 

SNR for robust estimation of motion parameters without CSF contamination. 
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To further improve the robustness of the motion correction, x-translations and y-

translations were respectively approximated by a spline function (see Figure T.T). This 

approach was chosen empirically, under the assumption that subject motion is slow with 

time (low frequency drifts). Images acquired at b<nr@ and b>n@@@ s/mm? were corrected 

using extrapolated transformation values from the spline function. 

As a final step, in order to reduce the number of interpolations, transformation matrices 

from eddy-current and motion corrections were combined and applied only once using sinc 

interpolation.  

 

Figure T.T: Estimated motion in anteroposterior direction (raw moco) and fitted 

spline functions (smooth moco) at each cervical level in one subject. All data with 

different Δ were concatenated. Here, “moco” stands for motion correction. 

T.8.Q.7 Normalization of DW data related to variable TE 

All DW data were divided by the mean b=@ image of the corresponding TE to account for 

T? relaxation. Here we assumed a single T? compartment for normalization (see discussion 

about potential presence of multiple T? compartments). An additional normalization step 

was set for each group of Δ during curve fitting (see model fitting below).  
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T.8.Q.8 Bias correction and noise reduction 

Magnitude data were bias-corrected assuming Rician noise using the method of 

(Gudbjartsson and Patz, Azzy): 

r = |8U − ÇU|      (A) 

Where A is the true voxel intensity, M is the measured voxel intensity and Ç is the standard 

deviation of the Gaussian noise. The parameter σ was computed by calculating the standard 

deviation within a moving window (size = Ay) along q-values, after detrending the data using 

the AxCaliber model. All the calculated standard deviations were then averaged within the 

spinal cord. Preliminary results showed similar sigma across the three Δ values, therefore 

the three calculated sigma were averaged. Noise was then reduced using the Local Principal 

Component Analysis (LPCA) algorithm using (Manjón et al., ?@Ar). The reader is referred 

to the discussion for the potential impact of the LCPA filter for axon diameter estimation. 

T.8.T Model fitting 

A modification of the AxCaliber model was implemented in Matlab (MathWorks, Natick, 

MA). The model was assumed to have two compartments (restricted and hindered) but only 

a single axon diameter, as proposed in the ActiveAx technique (Alexander et al., ?@A@). 

Throughout this manuscript we refer to the AxCaliber model for clarity. Also, fibers were 

assumed to be oriented along Z. 

The model was fitted using a non-linear least square algorithm (using trust-model-reflective 

optimization), with a maximum of ten iterations for fast convergence (we empirically found 

that more iterations did not improve accuracy of fitting). Six parameters were estimated: 

fraction hindered (fh), diffusion hindered coefficient (Dh), mean diameter (d), and the 

intensities Ib@(TE=wy ms), Ib@(TE=B@ ms) and Ib@(TE=xy ms). These parameters are related 

by the following equation:  É = Éz1(_)[Öℎ. eℎ(lℎ) 	+	(1 − Öℎ). e"($)], where Eh and Er are 

the signal decay in the hindered and restricted compartment respectively and are defined 

as follow (Callaghan, Azzy): 
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Where âä′ is the first derivative of the nth Bessel function of the first kind and åäX its kth zero 

crossing. Dr represents the diffusion coefficient in the restricted compartment. See 

discussions concerning the violation of small pulse approximation. 

The fraction of restricted compartment was deduced by complementarity: fr = A – fh. 

Diffusion coefficient for the restricted compartment (Dr) was set to A.n µm?/ms (Barazany 

et al., ?@@z). No cerebrospinal fluid (CSF) compartment was included in the model (see 

Discussion). 

The fitting procedure was run voxel-by-voxel using broad limits: fh [@ A]; Dh [@ r] µm?/ms; 

d [A A@] µm; Éz1(;e) [@ ?]. Results were plotted and visually inspected. The quality of the fit 

was assessed by computing the reduced chi-squared statistic for each voxel. 

T.8.[ Post-processing 

T.8.[.7 Registration to template 

Data from all subjects were registered to the white matter template available from the MNI-

Poly-AMU template (Fonov et al., ?@An). The transformation was estimated from an average 

of high b-value DW images (>r@@@ s/mm?), as these images exhibited the best white/gray 

matter contrast. A diffeomorphic transformation was estimated using the SyN method 

available in ANTs (Avants et al., ?@@x) (see Figure T.\).  

T.8.[.8 Extraction of metrics within spinal pathways using maximum likelihood 

An atlas of spinal pathways (Benhamou et al., ?@An) was used to extract model-based 

diffusion MRI metrics within specific tracts (see Figure T.\d). Briefly, the atlas was 

constructed from an existing anatomical reference (Standring, ?@@x) and then merged 

within the MNI-Poly-AMU template. The atlas consists of r@ different pathways, each of 

them accounting for partial volume effect (values ranging from @ to A). In order to 
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disentangle voxels overlapping with adjacent pathways, model-based diffusion MRI metrics 

were estimated using the maximum likelihood estimation described in the following 

equation, which assumes homogeneous metric value within each tract: 

8çéDèêt
= ëçéDèêt,NhíìNî8NhíìNîNhíìNï       (n) 

Where 8çéDèêt
 is the observed metric at voxel i, and 8NhíìNî

 is the metric to estimate for 

tract j(assuming homogeneous tracts).  ëçéDèêt,NhíìNî is the volume fraction of tract j in voxel 

i, given by the atlas.  

If we define the matrix f = (ëçéDèêt,NhíìNî)M,ñ, we can recast the problem in the form: 

8çéDèêï = f8NhíìNï         (y) 

Then, the vector 8NhíìNï is calculated by computing the pseudoinverse of matrix P: 

8NhíìNï = (fNf)LofN8çéDèêï             (w) 

 

 

Figure T.[: a: Mean high b-values images. b: image of the template used for 

registration. c: registered image after applying the deformation field. d: Five major 

axonal pathways with different morphological features were selected from the 

white matter atlas in order to extract model-based diffusion MRI metrics. 

All scripts used for preprocessing, template registration and metrics extraction are freely 

available in the Spinal Cord Toolbox (http://sourceforge.net/projects/spinalcordtoolbox/). 
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T.8.\ Statistics 

SNR was computed voxel-wise by dividing average values (extracted from fits) by the σ 

computed previously (see section: “Bias correction and noise reduction”).  

The reduced chi-squared statistic of the fitting curves was calculated voxel-by-voxel as 

follows: 

!hèó
U =

òw

ô
=

o

ô

(öLõ)w

úw
          (B) 

where O are the observed data, E are the theoretical data (i.e. from the AxCaliber model), 

Ç is the Gaussian noise standard deviation and  is the degree of freedom, given by ù − û −

1, where N is the number of observations, and n is the number of fitted parameters. Here, 

N=w?r and n=w. Based on previous studies validating the AxCaliber model (Panagiotaki et 

al. ?@A?), we anticipate !hèó
U  values to be close to one. 

The quantity !U 	= !hèó
U ⋅ ü follows a chi-squared distribution f using the degree of freedom 

ν. To assess whether the AxCaliber model correctly fitted our data, the area under the !U  

distribution (†) was calculated as follows: 

†	 = Ö(>)	$>	
°

ò¢£\
w      (x) 

Due to the large degree of freedom ν, a significant difference between the fitted model and 

the data is expected to be found, resulting in very small values of α. 

 

A three-way ANOVA was performed to assess whether there are any significant differences 

(significance level set to p=@.@y) of axon diameters between the pathways of each subject, 

between the right and the left pathways, and between the five subjects themselves. 
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T.8.\.7 Reproducibility tests 

The reproducibility of extracted metrics over the direction of diffusion gradients was 

assessed by analyzing two sub-datasets of acquired q-space data (see Figure T.7Q): one with 

diffusion-gradient along (-X,+Y; +X,-Y) and one along (-X,-Y; +X,+Y). Each sub-dataset was 

processed separately and then compared.  

The reproducibility of extracted metrics over q-space sampling was assessed using a 

bootstrap analysis in one subject. Q-space data were randomly subsampled by A@% and z@% 

were kept for analysis. This procedure was run ?@@ times in order to derive standard 

deviations, related to q-space sampling, of extracted metrics in each voxel. 

T.8.\.8 Orientation dependence 

The rotational symmetry of water diffusion in the spinal cord was studied using the data 

from the protocol b (Figure T.8.b). After normalizing with the b=@ images, the curve 

representing the MR signal as a function of gradient direction was low-pass filtered using 

sine and cosine functions. The peak-to-peak variation was used to indicate the orientation 

dependence. The angle at the minima (i.e., larger signal loss) corresponded to the direction 

of the crossing fibers. 
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T.Q Results 

T.Q.7 Quality of the data 

Data were successfully acquired in all five subjects. Figure T.\ illustrates data acquired in a 

subject at four different b-values (@, ny@, yz?n and rz@AA s/mm?). Even at maximum b-

value (rz,@AA s/mm?, with δ=x ms, Δ=y@ ms and G=r@@*√?=n?n mT/m), signal from the 

spinal cord white matter is visible. The majority of this signal likely comes from the 

restricted compartment, given that the signal from the hindered and free compartments 

was lost due to the strong dephasing. 

 

Figure T.\: Example of images acquired at different q-vectors. Data are not 

interpolated. Contrast is kept the same for better comparison. Notice the low SNR 

at very-high q-value (orange), which was compensated by averaging over the four 

directions.  
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Figure T.a shows the data in one subject averaged across q, before and after applying eddy-

current and motion correction. The corrected data shows sharper edges, suggesting that 

the preprocessing pipeline was effective. Notice the visible gray/white matter contrast, 

which was helpful in registering the spinal cord to the template while maintaining 

consistent anatomical topology during mapping spinal pathways from the template.   

 

Figure T.a: Data averaged along q-values in one subject (excluding images 

acquired at b < nr@s/mm?), before and after applying the correction for eddy-

currents and subject motion.  
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Figure T.d shows the q-space data in one representative voxel in the white matter in one 

subject. There is a clear separation of q-space data across the three groups of Δ suggesting 

that the model adequately identified the hindered versus the restricted compartments. 

Notice that the data acquired with small diffusion time (Δ=?@ms, blue) exhibit stronger 

signal with monotonic decay, due to the residual signal in the hindered compartment. Data 

acquired with large diffusion time (Δ=y@ms, red) plateau for q-space values above @.@x µm-

A, suggesting that the signal mostly originates from the restricted compartment given the 

near-complete attenuation of the hindered compartment. Assuming a diffusion coefficient 

Dh>@.y µm?/ms, the attenuation is over zx% at q>@.@x µm-A (see Eq.?). 

 

Figure T.d: Top: Rician corrected q-space data in one voxel of the spinal cord 

white matter for one subject before LPCA correction (normalized by b=@). 

Bottom: same data averaged over the four directions. The purple dashed box 

shows the data collected for probing the orientation dependence (see Figure ?.b.). 
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T.Q.8 SNR analysis 

Figure T.e shows the standard deviation across q, calculated using a moving window (size 

= Ay) after detrending the data with AxCaliber fits. In all subjects, the standard deviation 

ranged from x% to Ay% of the b=@ signal.   

 

Figure T.e: Standard deviation of noise along q (blue curve) in one voxel and one 

subject before LPCA correction. Values are shown as percentage of the b=@ signal. 

This estimated noise includes thermal and physiological noise. Notice that the 

standard deviation is fairly constant along q.  

 

SNR (static + temporal) was computed voxel-wise by dividing average values (extracted 

from fits) by noise standard deviation. Table n.A shows SNR results per vertebral level in all 

subjects. SNR averaged across vertebral levels ranged between A.n-?.@ in the bmax=rz,@AA 

s/mm? images and z.@-AA.B in the b=@ images for all subjects. In two subjects, SNR was 

higher at Cn level, which could be attributed to (i) closer proximity of this region to the 

neck coil in these two subjects and/or (ii) lower amplitude of cardiac-related noise, as it was 

shown that this amplitude varies across subjects and vertebral levels (Piché et al., ?@@z). 
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Table T.7: SNR computed per subject and per vertebral level at b=@ and b=rz,@AA s/mm? 
(bmax) 

 Subject #A Subject #? Subject #r Subject #n Subject #y 

Z 
SNR 
bmax 

SNR 
b@ 

SNR 
bmax 

SNR 
b@ 

SNR 
bmax 

SNR 
b@ 

SNR 
bmax 

SNR 
b@ 

SNR 
bmax 

SNR 
b@ 

CA A.x x.w A.B x.A ?.? A?.B A.z A?.? A.A z.A 

C? A.B x.A A.w x.y A.z AA.y A.w A@.x A.y A@.y 

Cr A.x A@.@ A.z z.A ?.@ AA.w A.y AA.? A.y AA.r 

Cn A.B z.A A.w x.z ?.A A@.z A.r z.w A.y A@.n 

Average A.x z.@ A.B x.B ?.A AA.B A.w AA.@ A.n A@.r 
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T.Q.Q Quality of q-space Fitting 

Table n.? shows the average !hèó
U  for all subjects. Each value is the average of the !U  across 

voxels within the spinal cord. Here, values range between A.@z and A.?r, suggesting a good 

fit. Supplementary material SA shows the reduced chi-squared statistics of AxCaliber fitting 

in one subject. Values for † associated with the !hèó
U  statistics were less than y% (except for 

subject r), meaning that the model did not fit the data appropriately (See discussion).  

Supplementary material S? shows two q-space fitting in two different voxels, yielding in 

two different quality of fit (α=@.Ar and α=zE-z).	 

 

Table T.8: Goodness of fits using !hèó
U 	statistics. α represents the probability that 

our data are well described with the AxCaliber model (the higher the better).  

Subject # A ? r n y 

!hèó
U A.?r A.?A A.@z A.Ay A.Ax 

† yE-y ?E-n yE-? yE-r AE-r 

  



xA 

 

Figure T.7R shows AxCaliber fitting in one subject in three different ROIs. The fitted curves 

exhibit different shapes between the three regions, which is expected because the 

underlying microstructure (axon size and density) is different across the three regions. 

Conversely, when comparing neighboring voxels within a given region however, the fitted 

curves exhibit a similar shape (not shown here). These observations suggest that the 

AxCaliber model is reproducible and sensitive to differences in microstructures. Note that 

the curve fitting for ∆=?@ms is qualitatively not perfect and can partly be explained by the 

absence of time-dependence of the diffusion coefficient in the model equation. 

 

Figure T.7R: a: Cuneatus (blue), gracilis (yellow) and rubrospinal (red) tracts 

highlighted on the mean DWI in one subject. b. Histological images of axons 

stained for myelin (luxol fast blue cross) over corresponding pathways of a human 

spinal cord (“Histology at the University of Michigan,” n.d.), reproduced with 

permission. c. Model fitting on signal decay acquired in one subject on a single 

voxel in the corresponding regions.  
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T.Q.T Mapping of axon diameter 

The first two columns of Figure T.77 exhibit maps of the estimated hindered water volume 

fraction (fh) and the apparent diffusion coefficient of the hindered compartment (Dh). 

These maps were registered to the template and averaged across subjects (N=y). Since the 

model did not account for CSF compartment (in order to achieve higher precision), any 

partial voluming with CSF at the periphery of the cord translated into a more elevated Dh. 

The two last columns show the mean and standard deviations of axon diameters. Here, the 

single axon diameter model was used (Alexander et al., ?@A@). Results are consistent across 

slices and across subjects, as assessed by the relatively low standard deviation maps. Axon 

diameters ranged from r.@µm in the gracilis at Cn to y.zµm in the spinocerebellar tract at 

C?. In the posterior funiculus (black arrow), estimated axon diameters get smaller towards 

the inferior direction.  

 

Figure T.77: Maps of fitted parameters using single diameter model. Data 

histograms with range and mean value are shown at the bottom. The black arrows 

points to the posterior funiculus,  
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Figure T.78 reports numerical values of mean axon diameter, fh and Dh per subject, within 

specific pathways. The restricted water fraction (A-fh), which correlates with axon density 

(Alexander, ?@@x), was the highest in the cuneatus and the lowest in spinothalamic tract 

with yy% and nn% of intra-axonal water, respectively. Standard deviation of axon density 

across subjects was remarkably low (<@.@?), suggesting good reproducibility of the 

technique and stability of this parameter across individuals. Mean axon diameters (across 

subjects and across vertebral levels) ranged from r.yA µm (+/- @.yn) in the gracilis to n.Ay 

µm (+/- @.nw) in the cuneatus tract. In each subject taken individually, axon diameter and 

density were smaller in the gracilis than in the cuneatus. The same trends were reported in 

literature regarding the human spinal cord (Trobe, ?@A@). Dh was somewhat uniform (@.wy 

+/- @.A? µm?/ms) within the whole white matter. A three-way ANOVA tested the 

dependence towards laterality (left/right), pathways (five pathways were included in the 

ANOVA) and subjects. Results show an effect of pathway (p<A@-y) and subject  (p<A@-B), but 

no effect for laterality (p=@.?n). The interaction terms were not significant, i.e., 

Laterality*Subject (p=@.Az), Laterality*Pathway (p=@.@B) and Subject*Pathway (p=@.Br). 

Supplementary material Sr shows axonal diameter histograms for each subject, computed 

in the entire white matter.  
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Figure T.78: Top left: Mean DWI with overlay of ROIs for computing parameters 

within specific white matter tracts. Top right: Bar graph showing estimated axon 

diameter within tracts, laterality and subject. The estimated axon diameters range 

between r.y and y.y (), suggesting fairly precise estimate of axon diameters on an 

individual basis. Bottom table: Estimated parameters averaged across subjects. 

Mean axon diameter was r.yA (+/-@.yn), n.Ay (+/-@.nw) and r.BA (+/- @.rw) µm in the 

gracilis, cuneatus and spinothalamic tracts, respectively. The restricted water 

fraction (A-fh), which correlates with axon density, was yy% and nn% (+/- ?%) in 

the cuneatus and spinothalamic tracts, respectively. Results of the three-way 

ANOVA show a significant effect of pathway and subjects but no effect for 

laterality.   



xy 

 

T.Q.[ Orientation dependence and reproducibility 

T.Q.[.7 Effect of gradient direction 

The resulting mean difference between the two sub-datasets (within the white matter, 

across subjects and vertebral levels) was A.Aµm for axon diameter and @.@x for hindered 

water fraction (fh). Figure T.7Q (right panel) shows the resulting map of axon diameter 

difference between the two sub-datasets in one subject. Other subjects showed similar 

trends. Large differences between exp #A and exp #? are observed in the lateral and dorsal 

regions, and can be attributed to the presence of collateral fibers, as previously shown in 

monkeys (Lundell et al., ?@AA). The presence of collateral fibers violates the assumption of 

fibers being solely oriented along the spinal cord axis (as was assumed here), inducing 

orientation-dependence when applying diffusion gradients perpendicular to the spinal cord 

axis.  

 

Figure T.7Q: Difference in axon diameter estimated using two sub-sets of data with 

orthogonal diffusion gradient direction (X,Y;-X,-Y) and (-X,Y; X,-Y) in one subject. 

Symmetrical differences (red versus blue) are observed in the lateral region 

(especially at CA and C?), which could be attributed to the presence of collateral 

fibers. 
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T.Q.[.8 Orientation dependence 

The change in signal amplitude as a function of gradient orientation was ?? % (averaged in 

the white matter across subjects), confirming the presence of an orientation dependence. 

Figure T.7Tc. shows the principal direction of the collateral fibers computed from the 

highest diffusion peak. Notice that in the lateral portion of the spinal cord, collateral fibers 

have orthogonal directions between the left and the right side and are oriented diagonally, 

which corroborate the observations from Figure T.7Q. Figure T.7T.d. shows a map of 

orientation dependence obtained from the peak-to-peak amplitude in the orientation 

dependence plot (averaged across subjects and located at C?). Higher angular dependence 

was found in dorsal roots regions at CA and C?. This was expected, as this region 

encompasses longitudinal fibers as well as transverse, as shown in ex vivo monkey spinal 

cord with PAS-MRI (Lundell et al., ?@AA).   

 

Figure T.7T: a. q-space sampling for orientation dependence study. b. Signal at 

different gradient orientations, which was detrended using cosines into a function 

representing the signal variation as a function of gradient orientation (“orientation 

dependence” plot). c. Directions of collateral fibers averaged across subjects at 

level C?. This map was obtained by extracting the angular value corresponding to 

the highest diffusion (i.e. lower signal). d. Corresponding map of orientation 
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dependence obtained using the peak-to-peak amplitude from the orientation 

dependence plot.  

T.Q.[.Q Bootstrap analysis 

The average standard deviations of the fitting parameters were found to be @.?yµm for axon 

diameter and @.@? for hindered water fraction (fh) in the white matter (zy percentile of the 

voxels).  

T.T Discussion 

The purpose of this study was to demonstrate mapping of axon diameter in the in vivo 

human spinal cord using model-based q-space diffusion MRI at r@@ mT/m. Model-

estimated diameters fall within the range of those reported from previous histology work, 

opening the door to in vivo evaluation of specific features of spinal cord axons. The following 

discussion covers aspects related to the acquisition and preprocessing, diffusion model 

fitting (including discussions about noise) interpretation of axon diameter maps and future 

work.  

T.T.7 Interpretation of axon diameter maps 

T.T.7.7 Validation against histology 

There is very little literature on axon diameter mapping in the human spinal cord. 

Histological data reporting quantitative values of axon diameters were found only for the 

pyramidal tracts. In this tract, xz.w% of axons were reported to range from A to nμm, x.B% 

from y to A@ μm, and A.B% from AA to ?@ μm (Lassek, Azny). When accounting for the larger 

signal contribution from larger axons (Alexander et al. ?@A@), the volume-weighted average 

axon diameter is B.x? µm. This value is larger than that from the corticospinal found in the 

present study (n.An µm), which can be partly explained by the violation of the small pulse 

approximation. When using Gaussian Phase Distribution (GDP) approximation, the 

average axon diameter is w.@yµm (supplementary material Sn). However, some 

discrepancies remain, which can come from a combination of fibre dispersion (not 
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modelled), permeability of unmyelinated axons (not modelled), and other 

oversimplifications of the model, as well as skewed sensitivity to large axons. Figure T.7[ 

compares AxCaliber results with two histological resources: optical micrographs and maps 

of cytoarchitecture obtained from adult individuals with no records of neurological diseases 

(Nieuwenhuys et al., ?@@B). Trends were similar between histology and AxCaliber results: 

large axons in the spinocerebellar tract (n-y µm), moderate axons in the rubrospinal tract 

(r-n µm) and small axons in the gracilis (?-r µm). In the posterior funiculus (black arrow in 

Figure T.77), estimated axon diameters get smaller towards the inferior direction. This 

observation is in accordance with previous histology work (Nieuwenhuys et al., ?@@B). 

Notice that the gracilis, composed of small axons, has larger surface at Cn than at CA levels 

due to incoming fibers from the cuneatus. Also notice the heterogeneity of axon diameter 

within tracts (as seen on the optical micrographs), suggesting that single-axon models are 

not appropriate. Future studies of histological validation in ex vivo human spinal cord are 

needed.  

When comparing our results with those from studies on animals, the same trends are 

observed between tracts. For example, results in the gracilis, cuneatus and rubrospinal 

tracts (r.yA, n.An, r.z? µm respectively) show the same trends in rats (A.A, ?.B, A.A µm) (Chin 

et al., ?@@n) and mice (@.zz, A.n@, A.Aw µm) (Ong and Wehrli, ?@A@).  
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Figure T.7[: Comparison of AxCaliber results with two histological resources. Left: 

Optical images (y@xy@µm?) of human thoracic spinal cord (“Histology at the 

University of Michigan,” n.d.), reproduced with permission. Middle:  

Cytoarchitecture of human spinal cord white matter at vertebral levels CA and Cy 

(Nieuwenhuys et al., ?@@B), reproduced with permission. Axon size is gray-level 

coded (the darker the bigger). Note that this representation of axon diameter is 

qualitative. Notice that some tracts have monodisperse axonal sizes (e.g. 

spinocerebellar and gracilis), while others present some super-axons surrounded 

by tiny axons (e.g. Pyramidal tracts). For direct comparison, AxCaliber results 

(averaged over five subjects) are overlaid on the right portion of the 

cytoarchitecture map at the corresponding levels (note: given that we did not 

acquire lower than Cn, the Cn level is shown next to the Cy level from the 

cytoarchitecture map). Regions corresponding to the optical imaging panel are 
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circled on the AxCaliber maps: gracilis (yellow), cuneatus (blue), rubrospinal 

(green) and spinocerebellar (red). 

T.T.7.8 Inter-subject variability 

Results showed rather large inter-subject variability, relative to the within-subject inter-

tract variability (see Figure T.78). However, it is worth mentioning that the maps of axon 

diameter were consistent across subjects, i.e., gracilis smaller than the cuneatus, or 

corticospinal smaller than spinothalamic. Causes for the inter-subject variability can be 

anatomical and/or artifactual. Artifactual causes are related to noise (i.e., different noise 

levels owing to variable coil loading, inducing bias in the estimation) and to the variable 

subject motion. The hypothesis of a noise-related bias is supported by a strong correlation 

(r=@.zn, p=@.@?) between axon diameter (Figure T.7[) and SNR (Table n.A), although this 

will have to be confirmed in a larger population. It is also possible that the fiber composition 

could vary between subjects, which could in turn induce bias in the estimation of axon 

diameters. Also, we cannot rule out the possibility of the curvature of the cord varying 

across subjects, which would result in a variable degree of orthogonality between the spinal 

cord centerline and the imaging slices. However, if present, this effect is presumed to be 

minimal given the relatively small longitudinal coverage (CA-Cn) as well as the careful 

positioning of each subject performed to reduce cervical lordosis.  

T.T.7.Q Tract by tract analysis 

Microstructure was assumed to be homogeneous (i.e., single diameter) within each tract of 

the spinal cord atlas used for metrics extraction. Despite the advantages of atlas-based 

analysis for objectivity (free from user-bias) and accuracy (accounts for partial volume effect 

using Gaussian mixture model), there are limitations. Firstly, the transition between two 

neighboring tracts might be progressive, resulting in non-homogeneous microstructure 

around the interface. For example, the rubrospinal and corticospinal tracts are partially 

overlapped (Altman and Bayer, ?@@A). Secondly, the classical delimitation of tracts is not 

based on microstructure but on macroscopic observations. For example, the cuneatus is 

separated from the gracilis by a septum (Standring et al., ?@@y). However, this pathway is 
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a combination of thin fibers emerging from the sixth thoracic level and of thick fibers 

coming from the eighth cervical level (Carpenter, AzBw; Nieuwenhuys et al., ?@@B). Thirdly, 

the delimitation of tracts in the present study was based on an atlas, which assumed the 

same spatial parcellation across individuals. However, the human spinal cord morphology 

was reported to vary across individuals (Kameyama et al., Azzy). Fourthly, microstructure 

is not necessarily homogeneous along the spinal cord (e.g. the posterior funiculus as shown 

in Figure T.77) and hence averaging microstructural features across slices might introduce 

further variability. Fifthly we assumed a linear relation between the axon diameter 

measured in a voxel and the combination of several axon diameters from each tract in that 

voxel. The potential biases associated with this approach (e.g. the measured axon diameters 

are weighted by the density and volume of axons within each tract) requires further 

investigations. 

T.T.8 Acquisition and preprocessing 

T.T.8.7 Eddy-currents 

The switching of large gradient amplitude during diffusion encoding generated large eddy-

currents, which manifested as translation, scaling and shearing in the phase-encoding 

direction (set to A-P). Although a twice-refocusing pulse sequence (Reese et al., ?@@r) could 

have been used to minimize this effect, these sequences are also subject to longer TE, 

thereby decreasing the SNR. Instead, an image-based eddy-current distortion correction 

was implemented, as proposed in (Bodammer et al., ?@@n). Here, given that the spinal cord 

was centered in the middle of the FOV (isocenter), no scaling or shearing was apparent. 

Hence the correction only addressed translations along the phase-encoding direction, 

leading to a more robust correction. Results indeed showed satisfactory eddy-current 

correction (see Figure T.a).  

T.T.8.8 Effect of TR 

Due to gating, the TR varied with the cardiac rate, which had some consequences in the 

signal time series. In this study, two slices were acquired per cardiac pulse, resulting in a 
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TR of approximately ? s. Moreover, TR was forced to be always greater than A.w s. The use 

of relatively short TR might have resulted in lower SNR due to only partial recovery of the 

spins given that the TA in the spinal cord is about x@@ ms at rT (Smith et al. ?@@x). However, 

considering the SNR efficiency (i.e., SNR per unit time), the optimal TR was reported to be 

around A s at rT in the white matter (Johansen-Berg and Behrens ?@Ar). However, a 

drawback of cardiac gating with low TR is the introduction of additional variance in the 

diffusion time-series related to the variation of the heart rate throughout the acquisition, 

and therefore a variation in the recovery of the longitudinal magnetization. The impact of 

this additional variance for fitting diffusion models needs to be further investigated. 

T.T.8.Q Different TE across Δ 

The TE was minimized at each diffusion time in order to increase the SNR. To compensate 

for signal variation due to T? relaxation, data were normalized using b=@ volumes, 

assuming the same T? relaxation within the intra- and the extra-axonal water 

compartments. Although the assumption of a similar T? in the intra- and extra-axonal 

compartment has been challenged (Does et al. Azzx; Beaulieu et al. Azzx; Whittall et al. 

AzzB), a review by (Nilsson et al., ?@Ar) reported that most in vivo studies have observed 

two components with short (A@–y@ ms) and long (B@–Ar@ ms) T? relaxation times, that were 

respectively assigned to myelin water and to the combined intra- and extracellular water 

(Whittall et al. AzzB; Laule et al. ?@@B; Deoni et al. ?@@x). Moreover, diffusion MRI studies 

based on fast- and slow diffusion components reported no dependence of the measured T? 

as a function of diffusion encoding (Mulkern et al. ?@@@; Pfeuffer et al. Azzz) (except at 

ultra-high field (Kunz et al. ?@Ar)), and no detectable dependence of diffusion metrics on 

the TE (Huisman et al. ?@@w; Clark and Le Bihan ?@@@), again suggesting minimal T? 

difference between the intra- and the extra-axonal compartments.  

T.T.8.T Effect of smoothing 

The model fitting was done after eddy-current and motion correction. As a consequence, 

images were interpolated, which introduced spatial correlations between neighboring 

voxels. If neighboring voxels belonged to a different microstructure, this could have 
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introduced further partial volume effect across tracts of different underlying 

microstructures and hence less accuracy in the model. To minimize this effect, all 

transformations (eddy-current and motion correction) were concatenated into a single 

transformation in order to apply the sinc interpolation only once. Also note that the 

interpolation yielded an underestimation of the noise (Ç) and hence a wrong correction of 

the magnitude bias. Nearest neighbor interpolation can overcome the alteration of the 

noise property, however this type of interpolation also yields inaccuracies in the motion 

correction and is therefore not recommended. 

T.T.8.[ Noise 

Even though the calculated SNR in b=@ (SNR=A@.A) and bmax=rz,@AA (SNR=A.B) were low 

compared to previously published studies, where typical SNR in b=@ was ~?@ (Bammer and 

Fazekas, ?@@r; Kim et al., ?@A@; Klawiter et al., ?@AA), it should be stressed that our 

calculation of SNR included both static (thermal) and temporal SNR. Static SNR could not 

accurately be calculated from the images using the standard background method (Koay et 

al., ?@@z) due to (i) the absence of ‘pure’ background caused by the use of reduced FOV, 

(ii) the presence of spatially-correlated noise related to GRAPPA reconstruction, and (iii) 

the use of a multi-channel coil (Dietrich et al., ?@@B). Hence, we reported the combination 

of both static and temporal SNR, which represents a more complete assessment of the data. 

Furthermore, physiological noise, which is known to be particularly significant in the spinal 

cord (Piché et al., ?@@z), was likely the dominant cause of the low SNR herein observed. 

While higher number of averaging (instead of higher number of q-values) would have 

yielded similar results than the one presented here, the rationale for sampling more densely 

was to qualitatively assess the goodness of fit to the chosen model. In particular, having a 

dense sampling towards high q-values enabled us to better assess the contribution of the 

Rician noise at low SNR regimes.Magnitude MR images were reconstructed from multiple 

channels (here wn). This procedure transforms the Gaussian distribution of complex noise 

in a non-symmetric and positively-defined distribution, inducing an upward bias in the 

magnitude signal. While signal from a single coil can be modeled with a Rician distribution, 

the distribution of noise from multi-channel coil using adaptive combine algorithm (Walsh 
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et al., ?@@@) presents a non-central chi distribution (Aja-Fernández et al., ?@AA). Moreover, 

the GRAPPA reconstruction introduces a non-uniformity of noise distribution throughout 

the volume (Aja-Fernández et al., ?@AA). Correcting the magnitude bias requires an 

exhaustive characterization of noise distribution for a specific coil and reconstruction 

method, which was beyond the scope of this study. Here we used a Rician noise correction, 

which is a particular case of the non-central chi noise. It is important to notice that 

magnitude bias can have particularly detrimental effect on the estimation of axon diameters 

using AxCaliber methods, because this residual signal would increase the apparent signal 

from restricted water at high q-values. 

LPCA correction was used for reducing the noise on the data and might have had an impact 

on the estimation of AxCaliber parameters. To address this issue, AxCaliber was re-run on 

the data without applying the LCPA filter. The resulting coefficient of variation 

(diameter_withLCPA vs. diameter_withoutLCPA) in each voxel in one subject ranged from 

-B% to n% at zy percentile (mean -?%), suggesting minimal impact of the LCPA filter for 

estimating axon diameter. 

T.T.Q Diffusion model 

T.T.Q.7 Small pulse approximation 

In this study we used the small pulse approximation, which assumes no moving particles 

during the application of each diffusion gradient. Although the ratio _/P was kept larger 

than ?.y (as suggested by (Bar-Shir et al., ?@@x)), here we used comparatively long pulses 

(P=x ms) in contrast to the typical AxCaliber pulse length (δ~n ms) (Assaf et al., ?@@x; 

Barazany et al., ?@@z). Despite the maximum gradient switching rate of ?@@ mT/m/ms, we 

had to set the limit to z@ mT/m/ms for safety purpose. This yielded a ramp-up time of about 

r.r ms to reach r@@ mT/m.  Assuming a Gaussian diffusion of lh = 1.4 µm?/ms (Barazany 

et al., ?@@z) in the intra-axonal compartment, during the application of the diffusion 

gradient the particles moved by an averaged distance of • = 4 ∗ lh ∗ P = 6.7 µm, which is 
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on the order of axon diameters. The violation of the small pulse approximation might have 

resulted in underestimation of fiber diameters (Bar-Shir et al., ?@@x). 

However, the choice of using a relatively large P was motivated by the possibility to achieve 

higher q, increasing the diffusion encoding resolution and providing higher sensitivity to 

smaller axon diameters (Alexander et al., ?@A@; Dyrby et al., ?@A?). The Gaussian phase 

approximation (Stepišnik, Azzr; Wang et al., Azzy) was shown to correct this bias, but the 

sensitivity to small axons would still be affected. We have conducted a comparison between 

small pulse approximation and Gaussian phase approximation (see Supplementary Material 

Sn). As expected, results show a global increase of axon diameter of A.wµm (averaged across 

subjects) in the white matter and a more stable estimation of the fraction of hindered water.  

Notice however that P = 7 ms was shown to be appropriate for measuring axon diameter 

in the corpus callosum of monkeys (Alexander et al., ?@A@).  

T.T.Q.8 Considerations of gradient strength and axon resolution  

By adding more constraints on the estimated parameters, other model-based quantitative 

diffusion MRI techniques like ActiveAx (Alexander et al., ?@A@) can yield accurate estimate 

of axon parameters, even at w@ mT/m (Nilsson and Alexander, ?@A?; Zhang et al., ?@AA), 

although axons smaller than y µm cannot be distinguished with this range of gradient 

strength (Alexander et al., ?@A@). The resolution limit at r@@ mT/m is estimated to be 

slightly less than r µm using the minimal model of white matter based on simulations 

(Nilsson and Alexander, ?@A?). We performed a comparison of AxCaliber results with a 

maximal gradient strength of x@ mT/m versus r@@ mT/m (Supplementary Materials Sy and 

Sw). Results showed that the estimation of axon diameter is globally increased and that the 

contrast of axon diameter between pathways is lost (p=@.Bx). The fraction of hindered water 

is reduced but show similar trends between pathways, suggesting the reliability of this 

parameter on clinical systems. 

T.T.Q.Q Free water compartment 

In this study we chose to remove the free water compartment. This compartment was 

originally proposed by Barazany (?@@z) to compensate for partial volume effect with the 
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CSF. The decision to not use the free water compartment was driven by preliminary data 

comparing AxCaliber results with and without an additional free water compartment (see 

Supplementary Material SB). These results showed that more than A@% of the free water 

compartment was wrongly estimated within the spinal cord, i.e., in regions not affected by 

partial volume with the CSF. These wrong estimations of the free water compartment size 

introduced larger instabilities when estimating axon diameter. On the other hand, when 

the free water compartment was not included, the diffusion hindered coefficient correctly 

compensated for the increase of free water fraction in voxels at the periphery of the spinal 

cord, with an estimated value of up to r µm?/ms, and was thus a satisfactory replacement 

of the free water compartment. From the maps of axon diameter, one could notice a ring of 

large estimated axon diameter at the periphery. Although this estimate could partly be due 

to CSF contamination, it is also possible that the observed result is genuine, as previous 

histological studies of axon diameters in the spinal cord did report significantly larger axon 

diameter at the periphery of the cord (Nieuwenhuys et al., ?@@B). Moreover, the ring is also 

present in the maps when accounting for the free water compartment (see SB). 
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T.T.Q.T Diffusion coefficients 

The model used in this study (composite hindered and restricted compartments) assumes 

(i) a fixed diffusion coefficient of Dr=A.nµm?/ms in the restricted compartment and (ii) a 

Gaussian apparent diffusion coefficient Dh in the hindered compartment. 

In order to validate the first assumption (Dr=A.nµm?/ms), we compared AxCaliber results 

using two extreme fixed diffusion coefficients: Dr=@.rµm?/ms and Dr=?µm?/ms. The error 

on axon diameter estimation was below A.rµm (zz percentile) and @.Aµm in average in all 

subjects. Also, the error on the fraction of restricted water was below @.@w (zz percentile) 

and @.@@w in average in all subjects. Those results were expected since the water in the 

restricted compartment presents a permanent regime at the diffusion time ∆, pulse width 

δ, and axon diameters used in this study (model simulation not shown). 

The second assumption (Gaussian apparent diffusion coefficient Dh) is not rigorously 

correct due to the time-dependence of the parameter Dh (Huang et al. ?@Ay; Burcaw et al. 

?@Ay). This assumption might have biased our measurements, yielding over-estimation of 

axon diameter (Burcaw et al. ?@Ay). However it should be mentioned that the use of very 

high b-value in this study (bmax=rz,@AA s/mm?) discriminated the signal from the hindered 

compartment, thus minimizing this effect. Note that the extracellular water is also affected 

by the size of the axons that hinder its diffusion. 

T.T.Q.[ Quality of q-space data fitting 

The goodness-of-fit analysis suggested that the model used in this study did not describe 

the data within an acceptable level of significance (α<y%). However, it should be mentioned 

that this goodness-of-fit analysis strongly depends on the degree of freedom. Here, the 

degree of freedom was very large (ü=wAw), imposing a !hèó
U  thresholds close to A (A.@z for † =

0.05), which is difficult to achieve while maintaining a robust fit. Indeed, the simplicity of 

the AxCaliber model (w parameters in our implementation) provides reproducible fitting 

results at the expense of accuracy. As illustrated in supplementary material S?, two voxels 

within the white matter can yield different qualities of fits. Poor fitting at high q-values 

could be caused by several factors. First, the applied Rician correction might be too 
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simplistic and a noise floor (magnitude bias) might be present. This hypothesis is supported 

by studies showing that GRAPPA reconstruction introduces higher spatially-variable 

magnitude bias (Aja-Fernández et al., ?@AA). Second, the presence of crossing fibers in the 

spinal cord (Cohen-Adad et al., ?@@x; Lundell et al., ?@AA) can violate the cylindrical 

assumption, because the attenuation of the signal would then be larger at high Δ if collateral 

fibers are present (i.e., orthogonal to longitudinal fibers). Third, a difference in T? decay 

between the restricted and the hindered compartment would introduce a bias related to a 

different baseline signal (b=@) across Δ, given that the TE was different across Δ. This choice 

was made to minimize the TE for each Δ in order to maximize the SNR. Finally the non-

negligible permeability of axon membranes might have introduced exchanges between the 

hindered and the restricted compartments, yielding biases when estimating the fraction in 

each of the compartments. This effect might be exacerbated in vivo, due to the presence of 

intra/extra-axonal flow triggered by active channels at the membrane surface related to the 

saltatory conduction of action potentials (Nilsson et al., ?@Ar). 

T.T.T Applications and future work 

Being able to non-invasively quantify axon diameter and density opens the door to 

understanding the pathophysiology of diseases targeting specific population of axons, such 

as multiple sclerosis and amyotrophic lateral sclerosis. The proposed method can therefore 

be used to improve the precision of the diagnosis and to validate therapeutic strategies. 

Amongst other possible applications is the combination of axon diameter and density with 

myelin density estimated from quantitative magnetization transfer (Sled and Pike, ?@@@) 

and/or macromolecular tissue volume methods (Mezer et al., ?@Ar). Combining these 

quantities would enable in vivo estimation of the myelin g-ratio (Campbell et al., ?@An; 

Stikov et al., ?@AA). The g-ratio is the ratio of the inner to the outer diameter of an axon. It 

was shown to be related to axon conduction (Pajevic and Basser, ?@Ar) and can therefore 

provide a sensitive measure of pathology. 



zz 

 

T.[ Conclusion 

This paper reported in vivo mapping of axon diameter and density in the human spinal cord 

using r@@ mT/m gradients. Results show similar trends with previous histology in humans 

and animals. Some potential biases (crossing fibers and noise) were identified and require 

further investigations. This method has the potential to provide relevant markers of spinal 

cord microstructure for diseases affecting specific fiber populations. 
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T.a Supplementary Material 

Supplementary material S7 shows the reduced chi-squared statistics of AxCaliber fitting 

in one subject. A !hèó
U  value of A means that the fitting error equals the noise variance (i.e., 

perfect fit). If !hèó
U  is superior to one, it means that the fitting error is larger than the noise 

variance. In this subject, the average !hèó
U  value ranges between A and A.y (across slices). The 

fits are better in the white matter (!hèó
U  ~A) when compared to voxels at the periphery (CSF 

contamination) or within the gray matter (!hèó
U  ~A.y).  

 

Figure T.7\: χred
? histograms (top) and maps (bottom) in one subject per vertebral 

level. Values close to A (blue) represent the best fits. Values are smaller than A.y 

(red), which shows that all fitting errors were close to the noise standard deviation. 
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Supplementary material S8 shows two voxels in the white matter yielding different 

qualities of fits. The plot on the left († = 0.13) shows acceptable fit for all _, while the plot 

on the right († = 9. 10L™) shows overfitting at _ = 50)E and underfitting at _ = 20)E for 

high q-values (> 0.8()Lo). Poor fitting can be caused by (i) the presence of crossing fibers, 

which violates the cylindrical model assumption, (ii) inadequate correction for Rician noise 

at large q-values, which overestimated the fitting curves,  (iii) different T? between the 

restricted and hindered compartment, given that TE was different across Δ and (iv) the non-

negligible permeability of myelin membranes. 

 

 

Figure T.7a: Example of fits at extreme *-values for two voxels in the white matter 

(each plot corresponds to one voxel). The right plot shows overfitting at Δ=y@ms 

and underfitting at Δ=?@ms for high q-values (>@.@xµm-A) 
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Supplementary material SQ shows axonal diameter histograms for each subject, 

computed in the entire white matter. Histograms are remarkably similar across subjects, in 

terms of shape and median (ranging from r.y to n.? µm). All histograms present a dominant 

peak, which is centered at around nµm. This suggests that the most representative axon 

diameter across individuals is nµm in the spinal cord white matter. Lower values (A-?µm) 

are located at the boundary of the spinal cord and hence are likely related to partial volume 

effect with the CSF. We notice that large diameters (>yµm) are more present in subjects r, 

n and y, which highlights potential anatomical variations across individuals. 

  

 

Figure T.7d: Histograms of mean axon diameter in spinal cord white matter for 

each subjects with m. Bottom right: Maps of estimated axon diameter at vertebral 

level Cn for each subject. All histograms present a dominant peak centered at 

around nµm. 

 

  



A@z 

 

Supplementary material ST shows the results of the AxCaliber analysis using Gaussian 

Phase distribution (GPD) model for cylinders (Stepišnik, Azzr; Wang et al., Azzy). As 

expected (Bar-Shir et al., ?@@x), larger axon diameters were estimated with this model (w.An 

+/- @.zµm versus n.y +/- A.A µm without GPD). Yet, maps of axon diameter presented very 

similar trends across tracts (e.g., smaller diameter in the gracilis versus in the rubrospinal 

tracts). Fraction of hindered water was also similar (@.yr in average in the white matter with 

and without GPD), but the hindered diffusion coefficient calculated in the white matter was 

higher with the GPD model (@.x@µm?/ms versus @.Brµm?/ms). The significant difference 

of axon diameter between pathways was preserved (p=A.w@e-y, versus p=r.yne-w). 
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Figure T.7e: Results of the analysis using Gaussian Phase Distribution (GPD) 

approximation. Top left: Mean DWI with overlay of ROIs for computing 

parameters within specific white matter tracts. Top right: Bar graph showing 

estimated axon diameter within tracts, laterality and subject. Bottom table: 

Estimated parameters averaged across subjects. Overall, axon diameters estimated 

with GPD approximation were greater than that with the short pulse 

approximation (w.@@µm versus r.xzµm in average between subjects and tracts). 

Fraction of hindered compartment was similar between models although the 

standard deviation was higher using the GPD model (@.@x versus @.@A).   
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Supplementary material S[ shows the effect of maximal gradient strength on AxCaliber 

results with maximal gradient strength of r@@mT/m versus x@mT/m. For this comparison, 

q-space data were truncated so as to only keep data acquired with |G|<√?*x@mT/m. The 

new data subset contained An? q-space volumes (versus w?r for the whole dataset). Maps 

obtained at x@ mT/m show a global increase in axon diameter estimation (B.yµm versus 

w.rµm in average in white matter) and a decrease in fraction of hindered water (@.n versus 

@.y in average in white matter). While the estimation of axon diameter produced more 

noisy maps at x@mT/m, notably because this dataset had fewer data, the fraction of 

hindered water showed similar trends at x@mT/m and r@@mT/m when qualitatively 

comparing its distribution across the spinal cord (e.g., lower fh in the dorsal column versus 

in the ventral aspect). More information about the impact of strong gradients for AxCaliber 

measurements can be found in (Huang et al., ?@Ay). 

 

 

Figure T.8R: Effect of maximal gradient strength on AxCaliber results with 

maximal gradient strength of r@@mT/m (first column) versus x@mT/m (second 

and third column). Column three is equivalent to column two except that 

colorbars were rescale for more clarity. Top row: Axon diameter maps at C? 

vertebral level. Bottom row: Fraction of hindered water maps. 
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Supplementary material S\ shows the results of tract-by-tract analysis using the subset 

q-space data with |G|<√?*x@mT/m. On this subset, the model used in this study correctly 

fitted our data. No significant differences in axon diameter were found between tracts using 

this subset (p=@.Bz). It should be stressed out that this dataset had fewer data (An? versus 

w?r for the entire dataset) and therefore less statistical power. 

 

Figure T.87: Results of axon diameter estimation at Gmax = x@ mT/m. Top left: example of 

q-space fitting in the spinal cord white matter in one subject. right: Estimated axon 

diameter in five different tracts for each subject. Bottom left: Table showing the r-way 

Anova results for estimated axon diameter. No significant differences between tracts were 

found at x@ mT/m (p=@.Bz, versus p=r.yxA@-w at r@@mT/m). 
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Supplementary material Sa shows AxCaliber results using an additional free water 

compartment with the following signal contribution : e≠hèè = #>ë	(−{ ∗ 3µ)U/)E). This 

model has an additional parameter ffree in order to fit the water fraction of the free 

compartment. When adding this compartment, Dh was decreased (@.ny versus 

@.Brµm?/ms), fh was decreased (@.nB versus @.yr), axon diameter was decreased (r.AA versus 

n.yµm) and the fraction of free water (ffree) was estimated at @.Ay. Note that all values were 

averaged across subjects. Axon diameter in the gracilis tract was lower than in other tracts, 

as been observed without the free water compartment. Again the three-way anova analysis 

shows significant difference of axon diameter between pathways (p<A@-y) and subjects 

(p<A@-z), but no differences between left and right sides (p=@.?@). 

 

Figure T.88: Results of AxCaliber analysis using an additional free water 

compartment in the model. Top: Maps of estimated parameters averaged across 

the five subjects. Bottom: bar plot showing estimated axon diameter per tract in 

each subject and results from the three-way ANOVA analysis. 
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The fiber g-ratio is defined as the ratio of the inner to the outer diameter of the myelin 

sheath. This ratio provides a measure of the myelin thickness that complements axon 

morphology (diameter and density) with high specificity for assessment of demyelination 

in diseases such as multiple sclerosis. Previous work has shown that an aggregate g-ratio 

map can be computed using a formula that combines axon and myelin density measured 

with quantitative MRI. 

In this work, we computed g-ratio weighted maps in the cervical spinal cord of nine healthy 

subjects. We utilized the r@@ mT/m gradients from the CONNECTOM scanner for 

estimating the fraction of restricted water (fr) with high accuracy using the CHARMED 

model. Myelin density was estimated using the lipid and macromolecular tissue volume 

(MTV) method, derived from normalized proton density (PD) mapping. The variability 

across spinal level, laterality and subject were assessed using a three-way ANOVA.  

The average g-ratio value obtained in the white matter was @.Bw +/- @.@r, consistent with 

previous histology work. Coefficients of variation of fr and MTV were respectively n.r% and 

Ar.B%. fr and myelin density were significantly different across spinal tracts (p = rxA@-B and 

@.@@n respectively) and were positively correlated in the white matter (r = @.n?), suggesting 

shared microstructural information. The g-ratio did not show significant differences across 

tracts (p=@.w). 

This study suggests that fr and myelin density can be measured in vivo with high precision 

and that they can be combined to produce a map robust to free water pool contamination 

such as cerebrospinal fluid or veins and weighted by the fiber g-ratio. Potential applications 

include the study of early demyelination in multiple sclerosis and the quantitative 

assessment of remyelination drugs.  
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[.7 Introduction 

The white matter of the central nervous system is composed of axons that transmit neuronal 

information. Most of these axons have a myelin sheath (Hildebrand et al., Azzr) that enables 

faster propagation of action potentials (Rushton, AzyA), notably via saltatory conduction 

(Huxley and Stämpfli, Aznz), and higher firing frequency (Perge et al., ?@A?). Changes in the 

integrity of the myelin sheath can have dramatic consequences such as paralysis, loss of 

sensation or chronic pain (Dijkers et al., ?@@z) depending on the localization of dysfunction 

in the neuroaxis. Demyelination and/or axonal damage can be induced by 

neurodegenerative diseases such as amyotrophic lateral sclerosis or after traumatic injury 

through the process of Wallerian degeneration of the disrupted axons (Raff et al., ?@@?; 

Waller, Axy@).  

Magnetic Resonance Imaging (MRI) is the most widely used imaging modality to diagnose 

neuropathology (Saba, ?@Ay). Conventional MRI contrasts (T?- or TA-weighted) can reveal 

pathologies such as focal MS lesions or edema and ischemia in spinal cord injury. However, 

conventional MRI lacks sensitivity to subtle white matter demyelination and degeneration. 

To overcome these limitations, several novels MRI techniques such as diffusion-weighted 

imaging or magnetization transfer have been developed to improve our ability to assess 

microstructure integrity (Saba, ?@Ay). While these advanced techniques increase sensitivity 

and specificity to white matter microstructure, they are still not entirely specific to 

particular cellular properties. For instance, reduction of fractional anisotropy from diffusion 

tensor imaging can be caused by demyelination, axon degeneration, gliosis, edema, lower 

axon density or cerebrospinal fluid (CSF) contamination (Alexander et al., ?@@B; Metwalli 

et al., ?@A@; Saba, ?@Ay). More advanced diffusion MRI techniques such as diffusion kurtosis 

imaging (Jensen et al., ?@@y; Lätt et al., ?@@x), AxCaliber (Assaf et al., ?@@x), ActiveAx 

(Alexander et al., ?@A@) or NODDI (Zhang et al., ?@A?), try to disentangle these different 

pathologic entities by introducing more complex models. Such models can quantify in 

particular the fraction of restricted water (fr), assumed to be the relative fraction of intra-

axonal water in the white matter. This metric appears to be more specific to microstructural 

changes such as axon degeneration (Adluru et al., ?@An; Zhang et al., ?@A?). However, 
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diffusion-based techniques alone cannot easily distinguish between different sources of 

axon pathology. For example, an increase of extracellular-space can be caused by edema or 

axon degeneration, and the ratio of intra- to extracellular diffusion-visible water is 

independent of absolute myelin content. Complementary measures of myelin density or 

myelin volume fraction (MVF) can help characterize the integrity of white matter axons. 

These can be estimated with MRI, using for example quantitative magnetization transfer 

(Sled and Pike, ?@@@), myelin water fraction (Mackay et al., Azzn) or lipid and 

macromolecular tissue volume (Aviv Mezer et al., ?@Ar).  

By combining MVF with fr it is possible to calculate a map weighted by the fiber g-ratio, 

which is defined as the ratio of the inner to the outer diameter of the myelin sheath and 

thus provide a specific marker of demyelination (Stikov et al., ?@AA). For example, in a case 

of axonal loss or edema, fr and MVF would decrease, but the g-ratio would remain constant. 

However, in the case of pure demyelination, axon density (obtained using the formula (A-

MVF)*fr) would remain relatively constant while MVF would decrease, resulting in higher 

g-ratio. 

The fiber g-ratio is known to vary between @.w and @.x in the central nervous system 

(Chomiak and Hu, ?@@z; Rushton, AzyA), with an optimal value around @.BB (Chomiak and 

Hu, ?@@z). Bigger axons are known to have a relatively thinner myelin sheath, and thus a 

higher g-ratio (Ikeda and Oka, ?@A?; Paus and Toro, ?@@z; West et al., ?@Ay). For a given 

diameter, however, the fiber g-ratio is relatively constant in the central nervous system and 

across species (Chomiak and Hu, ?@@z). It is also associated with sex differences in brain 

development (Paus and Toro, ?@@z; Pesaresi et al., ?@Ay), and pathologies such as 

schizophrenia (Uranova et al., ?@@A). Measurement of fiber g-ratio using MRI has been 

demonstrated in the corpus callosum of a macaque and the sensitivity to the g-ratio has 

been shown using comparison with histology (Stikov et al., ?@Ayb). The feasibility in vivo 

has been shown in the brain of healthy subjects (Campbell et al., ?@An; Mohammadi et al., 

?@Ay), as well as in an MS patient (Stikov et al., ?@Ayb). 
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The goal of this study was to map the fiber g-ratio in the in vivo human cervical spinal cord 

and study the distribution of the resulting map across different spinal pathways using atlas-

based analysis.  
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[.8 Methods 

Experiments were performed in nine healthy subjects (?z +/- An years old, five males), in 

agreement with the institutional review board of Massachusetts General Hospital (MGH). 

A written consent was obtained from all subjects. For each subject, two successive protocols 

were used: a diffusion MRI AxCaliber protocol (Assaf et al., ?@@x), and a lipid and 

macromolecular tissue volume (MTV) protocol similar to the one used by Mezer et al. (Aviv 

Mezer et al., ?@Ar). The total duration of the acquisition was about r@ min. 

[.8.7 Acquisition 

MR scans were performed using a dedicated high-gradient (ASr@?) (Setsompop et al., 

?@Ar), rT MRI scanner (MAGNETOM Skyra CONNECTOM, Siemens Healthcare). The 

gradients are capable of r@@mT/m in each direction (x, y, z) and a maximal slew rate of 

?@@T/m/s (downgraded to z@T/m/s for the diffusion gradients for safety reasons). A 

custom-made w@-channel phased-array head/neck receive coil was used (Keil et al., ?@Ar). 

The body coil was used for excitation. The isocenter was set at the level of the mouth. 

[.8.7.7 Diffusion 

Four axial slices were acquired in an interleaved spatial order, covering C?, Cr, Cn and Cy 

(the gap was adjusted per subject). Slices were placed at the level of the mid-vertebral body, 

where B@ field is the most homogeneous (Cohen-Adad et al., ?@AA). Slice thickness was ymm 

and matrix size A?xxA?x. The field of view (FOV) was adjusted for each subject in order to 

have the slice-selection direction oriented along the spinal cord main axis. Second-order 

shimming was done in a small box encompassing the cervical cord. Field of view in the 

phase encoding direction (antero-posterior) was reduced using two saturation bands, 

resulting in an in-plane resolution of @.xx@.xmm?. A single-shot spin-echo echo-planar 

imaging with monopolar diffusion-encoding was used. Parameters were: TE = B@ms, 

acceleration of R=? using GRAPPA reconstruction (Griswold et al., ?@@?), bandwidth = AAxy 
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Hz/pixel. Effective echo-spacing was @.nzms. The acquisition was cardiac-gated using an 

oximeter probe. Two slices were acquired per cardiac cycle, resulting in a repetition time of 

approximately ?s (forced to be higher than A.ws to maximize TA recovery). Effect of TA-

weighting caused by partial longitudinal recovery was discussed in (Duval et al., ?@Ay). 

Q-space was sampled linearly (from G = @ to G = √?*r@@ = n?n mT/m) in four directions 

perpendicular to the spinal cord XY, X-Y,-XY,-X-Y as in (Duval et al., ?@Ay). In addition, r? 

b=@ images were acquired. Diffusion parameters were: gradient pulse duration δ = {r, w, w, 

A@} ms and diffusion time Δ = {?@, ?@, n@, rw} ms. In total nw@ q-space images were acquired 

per subject. Image acquisition was randomized in order to intersperse high SNR data (used 

for motion correction) throughout the acquisition. 

 

Figure [.7: Slices, shim box and saturation bands position on subject #n. 

[.8.7.8 MTV 

Multiple flip angle spoiled gradient echo rD FLASH images were acquired to measure MTV. 

Parameters were: TR/TE = ?@/?.Bn ms, flip angle = {n°, A@°, ?@°, r@°}, ?@ slices covering C? 

to Cy, matrix size = Az?×Az?, resolution = @.xx@.xxymmr, R=? acceleration using GRAPPA 

reconstruction, bandwidth=n@@ Hz/pixel.  
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In order to correct for BA+ inhomogeneity, a BA map was estimated using the double angle 

method (Insko and Bolinger, Azzr). A segmented spin-echo EPI sequence was used with the 

following parameters: TR/TE=r@@@/Azms, flip angle = {w@°, A?@°}, n slices covering C? to 

Cy, voxel size = r×r×y mmr, matrix size = wnxwn.  

[.8.8 Preprocessing 

[.8.8.7 Diffusion 

d.S.S.J.J Estimation of noise standard deviation 

For each subject, noise histogram was estimated on the raw diffusion data within a 

manually drawn mask showing no signal at high b-value (> y@@@ s/mm?) and close to the 

spinal cord (see Figure [.8). The noise was estimated at b-value > y@@@ s/mm? where signal 

from fat, muscles or CSF was mostly non-existent. This resulted in clean “background 

voxels” that were not affected by chemical shift, ghosting or aliasing artifact. This noise 

mask was chosen very close (<Acm) to the spinal cord in order to solve the smooth spatially-

dependent noise distribution when using GRAPPA reconstruction (Aja-Fernández et al., 

?@AA).   

 The noise was assumed to follow a non-central χ distribution (Aja-Fernández et al., ?@AA), 

which has three parameters: the standard deviation of the noise σ, the degree of liberty L 

(representing the effective number of coils) and the non-centrality parameter η 

(representing the underlying signal). Histogram fitting was done using Matlab6. 

 

                                                

6 http://www.mathworks.com/matlabcentral/fileexchange/yn?nn-histfit-noncentralchi  
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Figure [.8: Illustration of the noise mask manually drawn on a slice of subject #y 

at b = y,@y@ s/mm? and b = bmax = rn,ryB s/mm?. Note that the high diffusion-

weighting suppresses signal from CSF and fat, and thus allows to estimate the 

noise distribution close to the spinal cord.  

d.S.S.J.S Eddy-current and subject motion correction 

Eddy-current distortions were corrected using the reversed gradient method (Bodammer 

et al., ?@@n). Subject motion was corrected by using a slice-by-slice registration method 

regularized along the superior-inferior direction (SliceReg) (Cohen-Adad et al., ?@Ay). 

Images acquired with b-values ranging between n?z and n@@@ s/mm? were used to estimate 

transformations as other images were not reliable (CSF contamination at low b-value and 

poor SNR on high b-value). The first of these images was used as a reference. Then, a spline 

regularization along the time dimension was used to correct images acquired at b-value < 

n?z and b-value > n@@@ s/mm? (Duval et al., ?@Ay).  

 

[.8.8.8 MTV 

FLASH images with flip angle n°, A@° and r@° were registered to the FLASH image with flip 

angle ?@° using SliceReg (Cohen-Adad et al., ?@Ay) and mutual information metric. The BA+ 

map obtained using the double-angle method was smoothed using rD polynomial functions 

of order w and resampled to the FLASH space. 
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[.8.8.Q Registration of MTV metrics to diffusion data 

The spinal cord was segmented on the MTV and mean diffusion image using PropSeg (De 

Leener et al., ?@An). MTV data were then registered on the diffusion data based on spinal 

cord segmentations using slice-by-slice affine transformation. 
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[.8.Q Metric quantification 

[.8.Q.7 Diffusion 

Q-space data were analyzed using the two-compartment model CHARMED (Assaf and 

Basser, ?@@y). This model assumes two compartments, intra- and extra-axonal, where 

water molecules present restricted (r) or hindered (h) diffusion. The MRI signal in each 

voxel is then expressed as: 

W = W1 ;e, ;m ⋅ (1 − Ö") ⋅ WØ `, P, _, lℎ + Ö" ⋅ Wh `, P, _, $  (A) 

with q, δ and Δ the diffusion parameters of the MRI acquisition; Dh, fr and d quantitative 

metrics describing the tissue; Sh and Sr the signal models of the hindered and restricted 

compartments. 

Dh represents the apparent diffusion coefficient of the hindered diffusion 

compartment, (A-fr) the fraction of hindered (or extra-axonal) water, Dr the diffusion 

coefficient of the restricted compartment, fr the fraction of restricted (or intra-axonal) 

water and d the axon diameter index (Alexander et al., ?@A@). Axon diameter index is the 

average axon diameter in a voxel, weighted by the volume of each axon. Throughout the 

manuscript, we refer to it as axon diameter for simplicity.  

Sh was modeled assuming Gaussian diffusion using the Stejskal and Tanner equation 

(Stejskal and Tanner, Azwy) and Sr was modeled using Gaussian phase distribution equation 

in a cylinder (Wang et al., Azzy). The diffusion coefficient in cylinders was set to Dr = 

A.nµm?/ms as in (Barazany et al., ?@@z).  

Model fitting was done voxel-by-voxel using the interior-point optimization algorithm 

(Byrd et al., ?@@@) included in the Matlab Optimization Toolbox Release ?@Ana 

(MathWorks, Inc.). Table y.A shows the fitting parameters with initialization and 

constraints. Rician likelihood was used in the objective function f in order to account for 

noise bias during the fitting: 
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with Sdata the experimental data, Smodel the signal computed using equation A and σ the 

standard deviation of the noise evaluated using the method describe in the previous section. 

 

Table [.7: Fitting parameters used in the interior-point algorithm, with 

initialization and boundaries 

fitting 
parameter 

S@ fr Dh (µm?/ms) d (µm) 

initialization A @.r A ? 

boundaries 
[min, max] 

[@, ?] [@, A] [@, r] [@, A@] 

 

 

[.8.Q.8 MTV 

Voxel-wise estimation of M[ (product of the coil reception profile and proton density) and 

TA were done according to (Fram et al., AzxB). BA+ map was used to estimate the effective 

flip angle in each voxel (Venkatesan et al., Azzx). Reception profile was estimated using the 

method described in (Mezer et al., ?@Ay; Volz et al., ?@A?) that uses the linear relationship 

between TA and PD to estimate a smooth field in the cord. We assumed no contribution 

from T?* relaxation due to the fairly short TE  (?.Bn ms).  
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A cerebrospinal fluid mask was computed using (i) estimated TA values > r s and < B s and 

(ii) a nmm dilation of the spinal cord segmentation. PD of cerebrospinal fluid (PDCSF) was 

then averaged in that mask. Finally, MTV was computed as in (Aviv Mezer et al., ?@Ar):  

MTV = A - (PD/PDCSF) (r) 

 

[.8.Q.Q g-Ratio 

The g-ratio weighted metric was computed as in Campbell et al. ?@An (Campbell et al., ?@An; 

Stikov et al., ?@Ayb), assuming that the Myelin Volume Fraction (MVF) is directly related to 

the Macromolecular Tissue Volume (MTV): MVF = MTV (see discussion). First, Fiber 

Volume Fraction (FVF) was calculated by combining Diffusion and MTV metrics: FVF = 

MVF+(A- MTV)*fr. Then, the g-ratio was computed as in (Stikov et al., ?@AA):  

 

b	 = 	 1 − 8;≤/q≤q (n) 

[.8.T Effect of spinal cord curvature 

The diffusion protocol assumed that the diffusion-encoding gradients were applied 

orthogonally to the main running spinal tracts, i.e., orthogonally to the spinal cord axis. 

Although we made sure that slices were positioned orthogonally to the cord (see Figure 

[.7), some subjects exhibited a curved spinal cord and hence a bias on the estimated 

diffusion metrics might have been present. This bias was assessed by computing the 

Pearson’s coefficient correlation between the error angle (defined as the angle between the 

slice encoding direction and the cord axis at the C?-Cr disc location) and the diffusion 

metrics, averaged in the white matter at C? and Cr levels.  
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[.8.[ Template registration and atlas-based analysis 

Registration of Diffusion and MTV metrics to the MNI-Poly-AMU template (Fonov et al., 

?@An), as well as the extraction of metrics per tract were done using the Spinal Cord Toolbox 

(SCT)7 .  

In order for the registration procedure to account for the inter-subject variability of gray 

matter shape, a highly contrasted white/gray matter image was generated from the 

diffusion data by averaging diffusion-weighted images acquired at b-values between ?,@@@ 

s/mm? and ?@,@@@ s/mm? (see Figure [.[). Throughout the manuscript, the term “mean 

DWI” will be used to define this image. This mean DWI image was then registered to the 

white matter template of the MNI-Poly-AMU template. Registration was performed slice-

by-slice in two steps: (i) initial affine transformation and (ii) diffeomorphic SyN transform 

(Avants et al., ?@@x). 

Quantification of metrics within the white matter and specific spinal pathways was done in 

the template space using the atlas of white matter tracts (Lévy et al., ?@Ay). Maximum a 

posteriori method was used to correct for partial volume effect between tracts and between 

the white matter, the gray matter and the CSF. The following tracts were studied: gracilis, 

cuneatus, corticospinal, rubrospinal and spinothalamic. 

In order to assess the reproducibility of g-ratio, MTV, TA, Dh, fr and axon diameter a three-

way ANOVA analysis was done using the following categories: subject, pathway and 

laterality (left/right). Significance level was set at p = @.@A. 

  

                                                

7 http://sourceforge.net/projects/spinalcordtoolbox/ 
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[.Q Results 

[.Q.7 SNR and noise analysis 

Table y.? shows the average SNR in the spinal cord for each subject at b=@ and bmax, along 

with fitted parameter L (effective number of coils) of the non-central χ distribution. Average 

SNR was A?.B on b=@ images and ?.A on images acquired at bmax. Note that this measure of 

SNR includes both the thermal noise and the physiological noise, hence the relatively low 

values. The effective number of coils L was always lower than A.@y, which is very close to a 

Rician distribution (L=A). Fitting results of noise histograms are shown in Figure [.Q. Fitting 

was very good for all subjects, suggesting a good modeling of the noise. 

Table [.8: SNR and L (non-central χ parameter) values for each subject 

Subject # A ? r n y w B x z 

SNR b=R A?.y A@.z Ar.x A?.B Ax.@ A?.n A@.z z.x Ar.? 

SNR bmax A.z ?.r ?.y ?.@ ?.x ?.n ?.@ A.B A.x 

L (Effective number of coils) A.@? A.@A A.@y A.@n A.@@ A.@@ A.@@ A.@@ A.@r 

 

 

Figure [.Q: Non-central χ fitting of noise histogram for each subject. Noise was 

assessed on images acquired at b > y,@@@ s/mm?. Noise distribution was found to 

be Rician (L < A.@y for all subjects).  
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[.Q.8 Effect of spinal cord curvature 

Figure [.T shows the effect of spinal cord’s angle with respect to the slice encoding direction 

on diffusion metrics. The error angle was measured at the Cr disc for each subject. Diffusion 

metrics were averaged in the white matter of vertebral levels C? and Cr. fr was significantly 

decreased (r=-@.Bx, p=@.@A) for angles over ?@°. Axon diameter was significantly correlated 

with the error angle (r=@.wB, p=@.@y). The average error angle at Cr, Cn and Cy discs was 

AB°, A?° and ?r° respectively. 

 

Figure [.T. Effect of the spinal cord’s angle with respect to the slice-selection 

direction on diffusion metrics. a. angle values (in degree) for each subject (here, 

extracted at Cr for illustration purpose). b. Diffusion metrics fr and axon diameter 

averaged in the white matter (at levels C? and Cr) as a function of spinal cord 

angle (at C?-Cr disc). c. Illustration of two subjects (#r and #n) with different 

spinal cord angle at the Cr disc location.  
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[.Q.Q Registration 

Figure [.[ shows the registration result for two different subjects. Although the initial 

shape of the spinal cord differed significantly between subjects, the SyN transform was able 

to register both the white and gray matter correctly on the MNI-Poly-AMU template. 

 

Figure [.[: Registration result of the mean DWI to the template space. Subjects #w 

(orange panel) and #n (red panel) are presented here for illustration purpose. For 

each subject, the mean DWI was registered to the MNI-Poly-AMU white matter 

template (Blue panel) using a combination of affine and SyN transformations. 

Gracilis (blue), cuneatus (cyan), corticospinal (green), rubrospinal (orange) and 

spinothalamic (red) tracts are overlaid on the registered data for visualization 

purpose. Note that the mean DWIs shown here were generated using data 

acquired at b-values between ?,@@@ s/mm? and ?@,@@@ s/mm? (also see the 

Methods section).  
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[.Q.T Quantitative MRI metric mapping 

Figure [.\ shows the quantitative maps of MTV, TA, fr, axon diameter, Dh, FVF and g-ratio 

averaged across all nine subjects. We observe similar trends across slices and across left-

right laterality for all metrics. Axon diameter in the gracilis tract was found to increase 

towards the upper cervical level (pink arrow). fr was similar across slices except at Cy where 

values were significantly lower (fr = @.nA at Cy vs fr = @.nx at Cn, T-test gave p-value of rxA@-

nA). This is partly due to the larger curvature of the spinal cord at this level (?r° at Cn-Cy 

disc vs A?° at Cr-Cn disc, see previous results). Lower fr at Cy resulted in lower FVF and 

lower g-ratio at this level. TA and MTV were negatively correlated (r =  -@.xA), consistent 

with a previous study (Aviv Mezer et al., ?@Ar). fr and MTV were positively correlated (r = 

@.n?). As expected due to CSF contamination, apparent diffusion coefficient of the hindered 

compartment (Dh) increased at the periphery of the spinal cord, at the location of the 

anterior white commissure and at the thin posterior medial sulcus (black arrows on Figure 

[.\). All metrics except the g-ratio weighted metric were sensitive to the characteristic 

variation of microstructure in the posterior column between cuneatus and gracilis tracts. 

The g-ratio weighted metric was fairly homogeneous within the spinal cord white matter 

except at the periphery of the spinal cord. The average g-ratio in the white matter was @.By 

+/- @.@r. 

Figure [.a illustrate quality of fr and MTV metrics on an individual basis at slice Cr. Even 

though subjects #y and #B present large differences in term of spinal cord shape and cross 

sectional area, the same pattern can be recognized in the white matter and grey matter. 

Some discrepancies can be observed between the two subjects, notably in the dorsal part, 

that we attribute to higher CSF contamination in the smaller spinal cord (subject #y). The 

high sensitivity of both metrics to microstructure is assessed by the strong contrast between 

spinal cord tracts, and their high precision by the low level of noise. Note again the apparent 

positive correlation between fr and MTV metrics in the white matter, this time on individual 

basis. 
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In order to prevent the report of biased values due to excessive spinal cord curvature, 

subjects #A and #n as well as slices acquired at Cn and Cy vertebral levels were discarded for 

all subsequent results.  

Table y.r lists normative values of the different quantitative metrics extracted in the white 

matter (thresholding the probabilistic white matter template by @.B). For each metric, we 

extracted the mean value, the standard deviation within the white matter (averaged across 

subjects), the standard deviation across subjects of the mean white matter values and the 

resulting coefficients of variation across subjects. Diffusion metrics fr and axon diameter 

were highly reproducible across subjects (COV = n% and r% respectively). A particularly 

significant variation of MTV, and thus g-ratio, was found between subjects (COV = An%). 

Finally, the BA+ variation within the cord averaged across subjects was A.@? +/- @.@w. The 

reader is referred to the Discussion section where possible sources of bias are listed. 

 

  

Figure [.\: Maps of quantitative MRI metric averaged over nine subjects. Top: 

schematic cross-section of axons. Left: metrics obtained using MTV protocol. 

Middle: metrics obtained using diffusion MRI. Right: multimodal metrics 
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combining myelin and diffusion measures. The gray matter was masked using the 

probabilistic template on metrics where the model isn’t adapted (mainly due to the 

orientation dispersion of the fibers). 

 

Figure [.a: Illustration of the quality of fr (left column) and MTV (right column) at 

Cr level on two representative subjects: one with a large (subject #B) and another 

with a small spinal cord (subject #y). The relatively high precision and good 

sensitivity of these two metrics is suggested by the low level of noise and strong 

contrast in the white matter, allowing us to distinguish the fasciculus cuneatus and 

lateral corticospinal tracts, even on a single-subject basis. 
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Table [.Q: White matter normative values. Mean value, standard deviation within 

the white matter (computed per subject and then averaged), the standard deviation 

across subjects (of the mean white matter values obtained per subject) and the 

resulting coefficient of variation (COV) across subjects (STD across subjects divided 

by the mean). 

 MTV T7 (s) fr 
Dh 

(µm8/ms
) 

axon 
diamete
r (µm) 

FVF g-ratio 

mean @.?x A.?z @.y? A.@y w.B? @.ww @.Bw 

STD in white 
matter 

@.@? @.Ar @.@n @.?n @.r? @.@n @.@r 

STD across 
subjects  

@.@n @.AA @.@? @.Ar @.Ax @.@A @.@n 

COV across 
subjects (%) 

Ar.B x.r n.r A?.B ?.B A.n y.@ 
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[.Q.[ Tract-by-tract analysis 

Figure [.d shows the results of the tract-by-tract analysis for each metric. The three-way 

ANOVA (tracts, laterality and subjects) showed no significant difference of g-ratio between 

tracts (p = @.w). However, both myelin imaging and diffusion imaging metrics showed 

significant differences between tracts (p < nxA@-r for all metrics). Significant left-right 

differences were found only for the axon diameter metric, particularly in the rubrospinal 

and the lateral spinothalamic tracts (further work will assess if this is artefactual or not). 

Variation of axon diameter between tracts (p = nxA@-A@) was more significant than the 

variation between subjects (p = ?xA@-n), suggesting a particularly good reproducibility of 

axon diameter measurement across subjects. The same conclusion applies for the metrics 

fr and Dh with similar variation between tracts and between subjects. Results per tract can 

be found in supplementary material. 

Based on the resulting F-scores, a post-hoc power analysis was performed in order to have 

more insights about the population size needed to detect changes across tracts and/or 

laterality, assuming a statistical power over zz%. To detect changes across tracts for g-ratio, 

axon diameter, fr, MTV and Dh, the required sample size is respectively B@, ?, ?, r and ?. 

To detect changes across laterality (also for the same metrics), the required sample size is 

x, ?, ?@@, ? and n. 
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Figure [.d: Tract-by-tract analysis of quantitative metrics. Metrics were extracted 

in five different tracts (color-coded) in the left and right hemispheres of the spinal 

cord. A three-way ANOVA analysis was done to assess reproducibility across tracts, 

laterality and subjects. 
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[.T Discussion 

In this work we combined axon and myelin density measures in the spinal cord of nine 

healthy subjects to derive a metric weighted by the fiber g-ratio. We believe this is the first 

attempt to measure the g-ratio in vivo in the spinal cord. Although results showed good 

reproducibility across tracts, slices and laterality left-right, the interpretation of these 

quantitative metrics needs to be discussed.   

[.T.7 Comparison with histology 

To our knowledge, there is very little literature reporting average values of g-ratio in the 

spinal cord. In their paper, Chomiak and Hu (Chomiak and Hu, ?@@z) presented an 

extensive literature review of the measured g-ratio in the CNS: a value of @.Bz has been 

reported in the spinal cord of mice (Benninger et al., ?@@w), and values ranging between 

@.B? and @.xA in different part of the CNS (corpus callosum, optic nerve, superior cerebellar 

peduncle, anterior commissure, internal capsule and brainstem) of a variety of small 

animals (mouse, rat, murine, guinea pig and rabbit). They also proposed a theoretical 

optimal g-ratio value of @.BB in the CNS. (Remahl and Hildebrand, Azx?) observed a higher 

myelination of axons, and thus a lower g-ratio, in the spinal cord compared to the corpus 

callosum in rodents. This observation is also corroborated by significantly higher myelin 

water fraction measured with MRI (Kolind and Deoni, ?@AA). In another study performed in 

the ventral root of cat spinal cord, g-ratio ranged between @.w and @.B (Berthold et al., Azxr). 

The g-ratio measured in the present study (@.By +/- @.@r) is in the same range as that 

reported by previous histological studies (between @.w and @.xA). Abnormal values (g-ratio > 

@.xy or < @.w) were found at the periphery of the spinal cord and are likely caused by low 

MTV and FVF values due to CSF contamination, and thus unstable values of g-ratio (see 

equation n). 

As also observed in (Duval et al., ?@Ay), maps of axons diameter are particularly consistent 

with histology, but should be interpreted with caution. Indeed, values reported in the 

current paper are known to overestimate the real mean axon diameter because (i) the use 

of a single diameter model prevented us from correcting for the effect of larger signal 
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contribution from larger axons (Alexander et al., ?@A@), (ii) axons smaller than ~rµm hit the 

resolution limit for axon diameter at r@@ mT/m (Nilsson and Alexander, ?@A?) and could 

be interpreted as axons of ~rµm diameter in the fitting procedure and (iii) the diffusion 

metrics might be biased by time-dependency of hindered diffusion coefficient Dh (Burcaw 

et al., ?@Ay; De Santis et al., ?@Aw; Novikov et al., ?@An). Note that this last effect could also 

disturb the fr metric in this study due to the use of variable diffusion time, as it does in 

models that use the tortuosity approximation (De Santis et al., ?@Aw). 

MTV is the complement of the water volume fraction. Due to the use of short TE (?.Bnms) 

the water volume fraction also includes myelin water or any free proton in the tissue (Tofts, 

?@@r). As reviewed by (Tofts, ?@@r), evaporation or gravimetric technique of post-mortem 

or biopsy, as well as other MRI proton density studies, show that human white matter is 

composed of B?.y% water in the brain. A similar value was measured in the spinal cord 

(Lajtha, ?@Ar, p. r@x) and is consistent with the present study: PD = A - MTV = B?% in 

average. The relation between MTV and myelin content is discussed in the next section 

(n.?). 

fr measures the ratio of the intra-axonal water over the MRI visible water content (assuming 

restriction in axons only). A range of ny to w@% was proposed in the review paper (Nilsson 

et al., ?@Ar). By fixing the g-ratio to @.By, we came across the same range of fr based on the 

previous literature reporting an intra-axonal volume fraction of rr% estimated from 

osmium staining histology of the brain (Perge et al., ?@@z; Stikov et al., ?@Ayc) and spinal 

cord (Ong and Wehrli, ?@A@). Those values are in agreement with the values of fr found in 

this study (@.y? +/- @.@n).  

It should be noted that using histology as ground truth has limitations, given the numerous 

tissue alterations during preparation (tissue shrinkage after fixation, slicing, staining, 

microscopy resolution, etc.). For instance, histological studies based on optical imaging in 

the spinal cord (Chin et al., ?@@n, ?@@?; Ong et al., ?@@x) usually overestimate the myelin 

fraction compared to the axoplasm volume, leading to abnormal values of g-ratio (~@.r), 

which is likely due to the insufficient spatial resolution of optical imaging. Alternative 

histology techniques, such as in vivo microscopy of myelin using coherent anti-Stokes 
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Raman scattering (Bégin et al., ?@@z; Fu et al., ?@@x), might prove useful in addressing 

those limitations. 

[.T.8 Myelin versus macromolecular volume fraction 

The sensitivity of MTV to myelin has been demonstrated through the relationship of MTV 

with other quantitative myelin mapping techniques (Aviv Mezer et al., ?@Ar). In particular, 

MTV correlates with myelin content (r=@.y? in a single subject and r=@.z using literature 

data), as measured with quantitative magnetization transfer qMT (Sled and Pike, ?@@@). 

Note that qMT has been used to measure myelin content in different g-ratio applications 

(Stikov et al., ?@Ayb, ?@AA). The sensitivity of MTV to myelin is also confirmed by (i) lower 

values in the grey matter (see Figure [.\), (ii) its sensitivity to demyelination in the spinal 

cord (Bot et al., ?@@n; Chong et al., ?@Aw), (iii) its high correlation with myelin stained 

histology (r? = @.y?) in multiple sclerosis (Mottershead et al., ?@@r), and (iv) its relation 

with brain development (Saito et al., ?@A?). 

Like other MRI myelin mapping techniques, MTV has to be calibrated to retrieve the 

absolute myelin volume fraction from the myelin (or macromolecular)-specific metric. This 

could be done assuming a linear relationship MVF = a*MTV+b. Interestingly MTV values 

found in the present study are very close to the volume of the myelin sheath (MVF) in white 

matter tissue estimated using histology: ?y to r@% in the brain (Mottershead et al., ?@@r; 

Perge et al., ?@@z; Stikov et al., ?@Ayc) and the spinal cord (Ong and Wehrli, ?@A@) 

(computed from extra-axonal volume assuming a g-ratio of @.By). In addition, the relatively 

small variation of MTV (STD in the white matter = @.@?) measured in the present study is 

consistent with the small variation of myelin content measured with myelin segmented 

histology of rat spinal cord (STD across tracts = @.@r) (Harkins et al., ?@Aw), or assessed with 

myelin stained human spinal cord (Bot et al., ?@@n; Nijeholt et al., ?@@A). These 

observations motivated the assumption MVF = MTV used in the present manuscript. This 

result is somewhat unexpected because MTV includes macromolecules and lipids present 

not only in the myelin, but also in glial cells membranes and organelles. MTV however 
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doesn’t include the myelin water while MVF does. Similar values between myelin and MTV 

suggest that the non-myelin macromolecules compensate approximately the myelin water.  

Note that the proton density (PD = A - MTV) is required in order to measure FVF accurately: 

FVF = MVF + PD*fr. So far, MRI g-ratio studies that use compartmental diffusion models 

assumed that PD is the opposite of myelin (A-MVF) (Campbell et al., ?@An; Dean et al., ?@Aw; 

Stikov et al., ?@Ayb), without considering the fraction of macromolecules that are outside 

the myelin (AA to An% in healthy tissue). In particular, this assumption could be critical in 

pathology where the extra-axonal compartment is modified due to glial cell proliferation, 

in particular microglia, or astrocyte scarring. The acquisition of both PD and myelin content 

might be an interesting means to increase the specificity of the g-ratio metric. While we 

considered additional myelin biomarkers, hardware constraints on the body coil of the 

CONNECTOM scanner prevented us from using magnetization transfer pulse. Further 

investigations using other myelin-specific techniques, such as multicomponent T?, are 

needed.  

[.T.Q Reproducibility of quantitative metrics 

Axon diameter and fr were remarkably reproducible across subjects without significant 

spinal cord curvature with coefficients of variation of ?.B and n.r% respectively. Variation 

between tracts were larger than or similar to the variation between subjects. These findings 

suggest that axon diameter is very similar between subjects and that these metrics do not 

depend much on factors such as the coil sensitivity profile, the level of noise, the curvature 

of the spinal cord within reasonable range (< ?@°) and other imaging artifacts that can affect 

the reproducibility of other metrics. This particularly good reproducibility could be 

attributed to the use of large diffusion gradient up to √?*r@@ = n?n mT/m, high SNR thanks 

to the custom-made tight fitting wnch coil, and also to the ?D q-space sampling (orthogonal 

to the spinal cord axis) that simplifies the white matter modeling with fewer parameters to 

fit and fewer assumptions. Indeed, the tortuosity model designed for rD sampling 

(Alexander et al., ?@A@) also has some bias (De Santis et al., ?@Aw) and reduced sensitivity 

to the restricted diffusion coefficient Dr (see discussion in (Duval et al., ?@Ay)). The 
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dependency of axon diameter and fr to the protocol scheme (diffusion parameters G, δ and 

∆) will be investigated in future studies. Finally, we can note that comparison with our 

previous dataset (Duval et al., ?@Ay), acquired with a different scheme, suggests relatively 

small variation for fr (see discussion “Comparison with previous work”). 

Two subjects exhibited large spinal cord curvature (>?@° at C?/Cr), which introduced biases 

in the estimation of diffusion metrics. Although the spinal cord curvature can be accounted 

for in the diffusion model, large curvature can also lead to a total loss of signal at high b-

value due to higher diffusion and lower restriction. This issue could be solved with the 

development of sequences that enable the acquisition of non-parallel slices, or minimized 

using specially designed head supports that would enable easier antero-posterior tilting of 

the head. 

Here we used cardiac gating to minimize the effect of CSF flow and cord motion on diffusion 

scans. While cardiac gating with a relatively short TR (here, TR was set to two cardiac cycles, 

hence about ?s) was previously shown to have minimum impact on the estimation of fr and 

fh, it should be mentioned that the CSF having a much longer TA than the tissue (@.xy vs. 

r.y s at rT in the CSF, according to (Clare and Jezzard, ?@@A; Smith et al., ?@@x)), its partial 

recovery might have introduced a bias that needs to be further investigated (Pasternak et 

al., ?@@z). 

MTV showed a reproducible contrast across tracts (three-way ANOVA, p = @.@@n), but also 

a significant bias across subjects (p = AxA@-?y) and some inconsistency along the spinal cord 

(see Figure [.\) that might be artifactual. This inconsistency along the spinal cord is 

different from the relative consistency of MTV values in different brain pathways (Aviv 

Mezer et al., ?@Ar). Several causes could explain these discrepancies. Firstly, flip angle 

correction using BA+ mapping might have lacked accuracy (see Figure [.\). Incorrect BA+ 

mapping could be due to an insufficiently long TR (ys) that led to incomplete longitudinal 

relaxation of spins (especially in the CSF). Alternative BA+ mapping techniques could be 

explored, such as actual flip angle (Yarnykh, ?@@B) or Bloch-Siegert technique (Sacolick et 

al., ?@A@). Secondly, the measure of PD in the CSF (PDCSF) used to normalize PD in the 
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spinal cord (see equation r) might have been affected by flow artifacts (Lisanti et al., ?@@B) 

and partial volume effects (e.g., with spinal nerves and epidural fat). 

[.T.T Comparison with previous work 

The diffusion protocol used here was slightly modified compared to our previous study 

(Duval et al., ?@Ay): the echo time was kept fixed at B@ ms in order to prevent T? relaxation 

effects, gradient pulse duration δ was varied between r ms (necessary for the acquisition at 

short diffusion time ∆, as suggested by (Huang et al., ?@Ay)) and A@ ms (necessary for large 

diffusion encoding (qmax = @.Ax µm-A)). Gaussian Phase Distribution was used here to 

model the restricted compartment as in the supplementary material Sn of (Duval et al., 

?@Ay). Correction of noise bias was improved in the present paper by (i) fitting a non-central 

χ distribution on noise histogram and (ii) using Rician likelihood in the objective function 

of the fitting procedure, which could partly explain why axon diameter measurements were 

more reproducible across subjects in the present study.  

Figure [.e compares the results of axon diameter and fr mapping between (Duval et al., 

?@Ay) and the present study. The metric fr was reproducible between both studies (@.y? vs 

@.y in average). Axon diameter mapping however was slightly larger in the present paper 

(w.B? µm +/- @.Ax µm) than in (Duval et al., ?@Ay) (w.An +/ @.zμm). While fairly small, these 

differences might be explained by differences between the two studies regarding (i) noise 

correction algorithm (ii) acquisition protocols or (iii) subject demography (effects of aging, 

spinal cord area or sex), although the small variation of axon diameter across subjects in 

the present study (STD = @.Ax μm) suggest a small effect of the subject phenotype. A similar 

contrast between the different tracts can be observed in both studies. For example, the 

gracilis tract exhibited small and dense axons with increasing diameter towards the rostral 

direction. Also, both studies show largest axons in the spinocerebellar tract.  
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Figure [.e: Comparison of axon diameter (left) and fr (right) between (Duval et 

al., ?@Ay) and the current study (?@Aw). Note that these maps were averaged across 

five subjects in the previous study (Duval et al., ?@Ay) and seven other subjects in 

the current study. 

The fraction of restricted water measured in the present study (@.y? +/- @.@n) agrees well 

with NODDI in the human spinal cord white matter (@.yB +/- @.@z) (Grussu et al., ?@Ay). 

This result shows the consistency of the models between rD and ?D q-space sampling, as 

was expected due to the relatively low dispersion of fibers in the spinal cord white matter 

as measured with NODDI (@.@?B +/- @.@@r) (Grussu et al., ?@Ay). Values are also in 

agreement with studies using diffusion data acquired perpendicular to the fibers (fr ≈ @.y) 

as explained in (Nilsson et al., ?@Ar). However it should be noted that intracellular volume 

fraction is often underestimated and can largely differ across methods (Ferezi et al, NIMG, 

?@Ay). 

MTV values reported in the present paper (@.?x +/- @.@? in the white matter) are consistent 

with previous brain studies (between @.?r and @.rA) (Aviv Mezer et al., ?@Ar; Tofts, ?@@r). 

MTV showed very little differences between the spinal cord tracts with a standard deviation 

in the white matter of only @.@? (see Table y.r and MTV values in supplementary material). 

This small variation (less than ?% variation between white matter ROIs) was also reported 

using myelin mapping techniques on rat spinal cord white matter using both histology and 
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quantitative magnetization transfer methods (Dula et al., ?@A@), and on the in vivo human 

spinal cord using mcDESPOT (Kolind and Deoni, ?@AA) and inhomogeneous magnetization 

transfer (Taso et al., ?@Aw). 

We notice a negative correlation between the TA map and the mean axon diameter map (see 

Figure [.\) as previously demonstrated in the rodent spinal cord (Harkins et al., ?@Aw). 

Although the contrast of TA maps on Figure [.\ is qualitatively consistent with cervical 

spinal cord TA maps found in the literature (Smith et al., ?@@x), the TA values were 

overestimated (A?z@ +/- Ar@ ms versus xBw +/- ?B ms). A bias is expected with the variable 

flip angle TA mapping method in vivo as shown in (Stikov et al., ?@Aya). The effect on the 

MTV metric is unclear: although MTV is normalized with the CSF, the slope of MTV might 

have been affected by biased TA values. Future work will address this question by comparing 

results with MTV values obtained using calibrated TA from inversion recovery sequence as 

done in (A. Mezer et al., ?@Ar). 

[.T.[ Interpretation of g-ratio measurements 

Based on metric mapping (Figure [.\) and tract-by-tract analysis (Figure [.d), both fr and 

MTV are sensitive to the microstructural differences across spinal tracts. Theoretically 

however, both metrics present a lack of specificity. Indeed, a decrease of their value can be 

caused by axonal loss, edema, CSF contamination or demyelination. Combining both 

metrics via the g-ratio equation (equation n) aims at disentangling the contributions of 

confounding factors and extracting only the degree of axon myelination. This would help 

for instance to understand the complex evolution of multiple sclerosis (MS) lesions: 

inflammatory cell swelling, demyelination, axon atrophy, astrocyte scarring; all these 

processes can increase both the intra- and extra-cellular spaces or reduce myelin content 

(Franklin, ?@@?; Frohman et al., ?@@w), making interpretation of single modality MRI 

metrics difficult and producing discrepancies between the lesion activity observed with MRI 

and the patient clinical score (Guttmann et al., Azzy; Rovira et al., ?@Ar). The robustness of 

the g-ratio weighted metric to these different case scenarios will be investigated in future 

studies. Some assumptions that are necessary for computing the g-ratio might not hold in 
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pathology. For instance, the hindered compartment might become restricted in case of 

aquaporin-n deficiency (Badaut et al., ?@AA) or glial scar formation. Also, the 

macromolecular content might increase independently from (and not proportionally with, 

as assumed in “n.?. Myelin versus macromolecular volume fraction”) myelin content due to 

the proliferation of microglia, migration of astrocytes or by the presence of axonal debris. 

Additional information, such as Myelin Water Fraction (MWF), might be required to 

resolve all these case scenarios. Yet, the g-ratio metric computed in the present manuscript 

is robust to the CSF contamination at the periphery of the spinal cord, suggesting that it 

can discriminate a pure oedema scenario from inflammation with demyelination, and thus 

is expected to bring a gain in specificity compared to the quantitative metrics fr and MTV 

taken independently. 

The g-ratio is known to be fairly homogeneous in the white matter (Chomiak and Hu, ?@@z; 

Rushton, AzyA), which has been confirmed in the current experiment with fairly low STD of 

g-ratio across the entire white matter (@.By +/- @.@r). The underlying source of a 

homogeneous g-ratio measured with MRI is the correlation found between fr and MTV (r 

= @.n?, see results section “Quantitative MRI metric mapping”), which will be detailed in 

the following paragraph. 

If we assume a perfectly constant g-ratio, equation n can be rewritten in order to express 

MTV as a function of fr: 

8;≤(Ö") =
S ∗ Ö"

(1 − S ∗ (1 − Ö"))
	≥¥4ℎ	S = 1 − bU (y) 

For g � [@,A], this function is increasing monotonically. A homogeneous g-ratio should then 

be associated with a correlation between MTV and fr metrics, as observed on metrics 

mapping of Figure [.\ and Figure [.a. Figure [.7R shows the voxel-wise comparison of the 

subject-averaged metrics MTV and fr in the white matter, along with the line of constant g-

ratio computed from equation y, suggesting that both metrics tend to a homogeneous g-

ratio for each subject. Note that this figure also gives information on the range of MTV and 
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fr values that would produce abnormal g-ratio values, as well as the precision of g-ratio 

measurement via the distance separating g-ratio level sets. 

 

 

Figure [.7R: Voxel-wise comparison of subject-averaged MTV and fr metrics in the 

white matter with lines of constant g-ratio. The grayscale encodes for voxel count. 

The two different MRI metrics seem to tend toward a constant g-ratio. 

g-Ratio values in the gray matter has been masked out voluntarily on Figure [.\ to prevent 

misinterpretation. Indeed, the large orientation dispersion of fibers, as well as the presence 

of numerous somas and dendrites, limit the interpretation of diffusion metrics acquired 

with ?D q-space sampling. Note however that the g-ratio appeared homogeneous on the 

entire cord (data not shown, STD within the cord = @.@r) due to the high correlation 

between MTV and fr in the entire cord (r = @.B@, p = A@-x@, ynx voxels). 

The computation of the fiber g-ratio using equation n presents two main limitations. First, 

it provides an “aggregate” g-ratio instead of the average g-ratio in a voxel (Stikov et al., ?@AA). 

This metric has been shown experimentally (Stikov et al., ?@Ayc; West et al., ?@Aw) to 

correlate strongly with the average g-ratio (r = @.xy, p = @.@@B) with moderate 
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overestimation (gaggregate � gmean + @.@r). Second, we assume a good specificity and accuracy 

of quantitative MRI metrics fr and MTV. As shown in (Campbell et al., ?@Aw) and discussed 

in (Dean et al., ?@Aw), this assumption is particularly critical because a lack of accuracy in 

one of these metrics would imply a poor decoupling of both metrics and thus wrong 

estimation of g-ratio. A good knowledge of the bias of the quantitative metrics would be 

required to use g-ratio as a direct measure of the degree of myelination, especially in the 

pathological white matter. Yet, the accuracy shouldn’t be considered at the expense of the 

precision. Indeed, the quantitative metrics that we aim to develop are expected to measure 

subtle changes and should be sensitive to the diversity of microstructure in the white matter 

tissue. 

Results from this study suggest that MTV and fr are particularly precise and sensitive to 

white matter characteristics, allowing us to detect microstructure differences between 

white matter tracts on an individual basis (see Figure [.a and results of the three-way 

ANOVA on Figure [.d). Regarding accuracy, the average fr measured in the present in vivo 

study are in good accordance with previous ex vivo histological studies, as discussed in 

section “n.A. Comparison with histology”. The use of MTV as a surrogate for myelin provided 

an accurate approximation on healthy tissue with a A:A relation, although one has to keep in 

mind that this might not hold true in the pathological white matter, as discussed in section 

“n.?. Myelin versus macromolecular volume fraction”. 

All these evidences suggest that the technique used in this study provides a metric weighted 

by the fiber g-ratio that is expected to have higher sensitivity and specificity to the integrity 

of the myelin sheath. The specificity of this metric and its robustness in pathology will be 

investigated in the future.  
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[.[ Conclusion 

A metric weighted by the fiber g-ratio can be measured in the in vivo human spinal cord 

using MRI. Indirect correlation with known histological features, as well as the good 

reproducibility across tracts of the metrics that are used to compute the g-ratio, suggest a 

good specificity of these quantitative metrics for the underlying microstructure. These new 

biomarkers might prove useful for the early diagnosis of demyelination and for assessing 

the efficiency of new remyelinating drugs. 
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[.d Supplementary Material 

 

Figure [.77: Results per tract of quantitative metrics (TA, MTV, fr, Dh, axon 

diameter, g-ratio). For each metric, the mean and the standard deviation across 

subjects were highlighted in red.  Sensory tracts are highlight in blue and motor 

tracts in red.

T1 (s) MTV fr Dh (µm2/ms) axon 
diameter (µm) g-ratio

mean 
across 

subjects

std 
across 

subjects

mean 
across 

subjects

std 
across 

subjects

mean 
across 

subjects

std 
across 

subjects

mean 
across 

subjects

std 
across 

subjects

mean 
across 

subjects

std 
across 

subjects

mean 
across 

subjects

std 
across 

subjects

fasciculus gracilis 1.27 0.12 0.28 0.04 0.47 0.06 1.12 0.25 6.4 0.32 0.76 0.05

fasciculus cuneatus 1.20 0.14 0.29 0.04 0.53 0.07 1.08 0.28 6.9 0.20 0.76 0.04

lateral corticospinal tract 1.30 0.17 0.27 0.04 0.49 0.06 1.01 0.25 7.0 0.27 0.76 0.04

spinocerebellar tract 0.53 0.48 0.27 0.06 0.35 0.13 1.81 0.33 8.3 0.41 0.72 0.06

rubrospinal tract 1.31 0.11 0.29 0.04 0.51 0.08 0.84 0.26 6.8 0.25 0.76 0.04

lateral reticulospinal tract 1.22 0.09 0.28 0.04 0.47 0.07 0.96 0.12 6.9 0.32 0.77 0.04

spinal lemniscus (spinothalamic and 
spinoreticular tracts) 1.31 0.12 0.28 0.04 0.48 0.05 0.82 0.13 6.6 0.20 0.76 0.04

spino-olivary tract 0.83 0.20 0.30 0.05 0.42 0.07 1.28 0.28 7.1 0.80 0.72 0.05

ventrolateral reticulospinal tract 1.28 0.14 0.26 0.04 0.40 0.12 1.07 0.20 6.7 0.34 0.74 0.03

lateral vestibulospinal tract 1.36 0.09 0.28 0.04 0.48 0.07 0.99 0.14 6.6 0.31 0.75 0.04

ventral reticulospinal tract -0.06 0.60 0.34 0.05 0.32 0.17 1.33 0.42 8.1 1.81 0.64 0.06

ventral corticospinal tract 1.21 0.11 0.29 0.04 0.46 0.08 1.20 0.34 7.0 0.38 0.74 0.04

tectospinal tract 1.29 0.11 0.28 0.04 0.46 0.12 1.10 0.18 6.7 0.27 0.75 0.04

medial reticulospinal tract 1.31 0.12 0.27 0.04 0.44 0.15 1.21 0.20 6.8 0.19 0.76 0.04

medial longitudinal fasciculus 1.32 0.09 0.27 0.04 0.44 0.16 1.19 0.15 6.7 0.24 0.76 0.05

Supplementary S1: Results per tract of quantitative metrics (T1, MTV, fr, Dh, axon diameter, g-ratio). For each metric the mean and the 
standard deviation across subjects was computed. For each metric, tracts that presented the highest deviation across subjects were 
highlighted in red. Sensory tracts are highlight in blue and motor tracts in red. 
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 Purpose—Recent MRI techniques have been introduced that can extract microstructural 

information in the white matter, such as the density or macromolecular content. 

Translating quantitative MRI to the clinic raises many challenges in terms of acquisition 

strategy, modeling of the MRI signal, artifact corrections and metric extraction (template 

registration and partial volume effects). In this work, we investigated the scan-rescan 

repeatability of several quantitative MRI techniques in the human spinal cord.  

Methods—AxCaliber metrics, macromolecular tissue volume (MTV) and the fiber g-ratio 

were estimated in the spinal cord of eight healthy subjects, scanned and rescanned the same 

day in two different sessions.  

Results—Scan-rescan repeatability deviation was less than y%. Intraclass correlation 

coefficient was up to @.zy. A three-way ANOVA showed significant effects of white matter 

pathway, laterality and subject.  

Conclusion—The present study suggests that quantitative MRI gives stable measurements 

of white matter microstructure in the spinal cord of healthy subjects. Our findings remain 

to be evaluated in diseased populations. 

Keywords: AxCaliber, Diffusion, MRI, Myelin mapping, Spinal cord, g-Ratio 

Contribution: Design of the study (d[%), acquisition and analysis of the MRI data, redaction 

of the article and generation of the figures. 
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\.7 Introduction 

QUANTITATIVE magnetic resonance imaging (qMRI) aims at providing quantitative 

biomarkers that are insensitive to the protocol parameters, coil excitation and reception 

profiles. Combined with models of the white matter tissue, quantitative information 

characterizing microstructure (e.g. the size or density of neuronal fibers) can be inferred 

from the MRI signal. Using these metrics, investigators would ultimately be able to monitor 

tissue properties over time in the same individuals, compare subjects, detect lesions based 

on the biomarker value (as opposed to a detection based on the contrast with the 

surrounding tissue), and interpret the underlying damage of a tissue, e.g. axonal loss vs. 

inflammation vs. proliferation of astrocytes.  

Quantitative metrics can be obtained from nearly any MRI contrast; diffusion MRI methods 

such as AxCaliber (A) provide metrics sensitive to the axon diameter and density (metric fr) 

while TA-weighted images and Macromolecular Tissue Volume (MTV) provide information 

on myelin content (?). By combining fr and MTV, a quantitative metric sensitive to the fiber 

g-ratio (defined as the ratio between the inner to the outer diameter of the myelin sheath) 

can be obtained (r,n). 

These techniques, however, are hampered by many challenges in term of acquisition 

strategy, modeling of the MRI signal, artifact corrections, segmentation, and metric 

extraction, especially when applied to the spinal cord (y,w). In order to apprehend the 

repeatability of these pipelines, a common method is to acquire qMRI data on a couple of 

subjects at different time points and compute the variation of the metrics across time, 

assuming that the intra-subject variability is zero. Table w.A lists some scan-rescan studies, 

with an emphasis on spinal cord and qMRI methods. Note that a distinction needs to be 

made between repeatability and reproducibility: while both are types of measurement 

precision, repeatability studies use unchanged acquisition conditions whereas 

reproducibility studies report the impact of varying conditions on the precision (B). The 

additional sources of variance between scan and rescan in reproducibility studies can be 

the time delay between the scans, the repositioning of the subject, different MR tech, 
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different centers with potentially different scanners, coils, etc. A particular attention on the 

post-processing is also necessary in order to compare scan/rescan experiments. For 

example, a scan/rescan experiment will likely exhibit more variability if metrics are 

averaged within a small region (e.g., dorsal column between C? and Cn levels) versus the 

entire cervical white matter, because of the presence of noise and potential mis-registration. 

From Table w.A we can conclude that qMRI metrics in the spinal cord have a scan-rescan 

deviation of y-A@%. 

In this work, we investigated the repeatability of quantitative MRI of spinal cord 

microstructure (AxCaliber and MTV metrics) on the same MRI system, with subject 

repositioning.  
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Table \.7: Review of the scan-rescan studies in the spinal cord and brain white 

matter. 

 Region 
voxel-wise 

correlation (R) 

ICC 

(IntraClass 

Correlation 

Coefficient) 

COV (Within-subject 

coefficient of variance) 
REFERENCE 

NODDI fraction 

of restricted 

water (fr or vr) 

Spinal cord white 

matter 
 @.xn B% (x)  

Brain white matter @.x?   (z) 

FA (fractional 

anisotropy) 

Spinal cord white 

matter 
  <y% (A@) 

Brain white matter @.z@ @.Bz 

COV across 7Q scanners: 

<y% (Global) 

?-x% (per fasciculus) 

(AA) 

(z) 

(A?) 

λ⟂ (radial 

diffusion 

coefficient) 

Spinal cord white 

matter 
  <z% (A@) 

Brain white matter  .xz 

COV across 7Q scanners: 
<r% (Global) 

r-A@%  (per fasciculus) 

(AA) 

λ// (axial 

diffusion 

coefficient) 

Spinal cord white 

matter 
  <n% (A@) 

Brain white matter  @.x? 
<n% (COV across 7Q 

scanners) 
(AA,A?) 

MTR 

(Magnetization 

Transfer Ratio) 

Spinal cord white 

matter 
  <A@% (A@) 

MWF (Myelin 

Water Fraction) 

Spinal cord   r-A@% (Ar) 

Brain white matter   ?-?@% (An)  

qMT 

(quantitative 

Magnetization 

Transfer) 

brain white matter   y%  (Ay) 

normalized PD 

(MTV) 
Brain white matter 

@.z? (different 
coils) 

 <?% (different coils) (?) 
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\.8 Methods 

Experiments were performed in x healthy subjects (?x+/-A@, r males), scanned and 

rescanned the same day (with subject repositioning between session A and ?). The protocol 

and processing of the data are detailed in (n). 

\.8.7 Acquisition 

Data were obtained using a high-gradient (Gmax=r@@mT/m per axis) rT MRI scanner 

(Skyra CONNECTOM, Siemens) (Aw) equipped with a wn-channel head/spine coil (AB). 

AxCaliber and MTV protocols were acquired in about r@min (depending on the cardiac 

rate) with the following parameters.  

Diffusion: A cardiac-gated ?D single-shot spin-echo EPI with reduced field of view using 

two saturation bands placed anterior and posterior to the spinal cord was used with the 

following parameters: matrix B@xB@, voxel size @.xx@.xxymm; n slices centered at 

intervertebral disks CA to Cn; yBy diffusion-weighted images (n@ b=@, δ=r/r/w/x/A@ms, 

∆=?@/n@/?@/rw/r@ms, TE=yB/Br/wB/Bw/Byms, Gmax=√?*r@@=n?nmT/m, and diffusion 

encoding gradients applied in four directions perpendicular to the spinal cord (XY, -XY, -

X-Y, X-Y). 

MTV: Proton Density mapping was obtained using three rD FLASH acquisitions 

(FA=n,A@,?@°, TE=?.Bnms, TR=r@ms, matrix Az?xAz?x??, spacing @.xx@.xxymm, GRAPPA 

R=?). BA+ mapping was acquired using the double-angle method (Ax) (spin-echo EPI, 

FA=w@/A?@°, TE=Arms, TR=Bs, matrix wnxwnx?@).  

\.8.8 Processing 

Preprocessing, metric extraction and registration was done as in (n). Briefly, raw diffusion 

and FLASH volumes were motion-corrected using the Spinal Cord Toolbox8 (SCT) version 

                                                

8 https://sourceforge.net/p/spinalcordtoolbox/  
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?.?.r (Az); MTV was computed as in (?) and registered to the mean DWI; AxCaliber was 

computed using qMRLab9 and g-ratio was computed as in (?@). Lastly, mean DWI volumes 

were registered slice-by-slice to the MNI-Poly-AMU template using SCT. This processing 

resulted in four slices located at each intervertebral body CA/C?/Cr/Cn. An atlas of white 

matter tracts (?A) was used to extract metrics in each spinal cord pathway while accounting 

for partial volume effect using the maximum a posteriori estimation. Images for scan and 

rescan were processed independently (i.e., images of scan and rescan were not co-

registered) in order to report the repeatability of the entire processing pipeline (i.e., 

including registration to the template). 

\.8.Q Statistics 

Repeatability of metric estimation was assessed in the template space by computing the 

scan-rescan correlation of white matter voxels. Gray-matter voxels were excluded to 

prevent artificially high correlations that result when two distinct clusters are fitted by a 

line and a Pearson's correlation is reported. Note that scan-rescan correlations were 

computed globally, without averaging the maps across subjects.  

Precision was assessed using the absolute scan-rescan deviation in white matter computed 

per subject, then averaged across subjects: 

e""∞"	 = 	1/8

u

ïµzñèìNt]o

1/ù

∂

çéDèêî]o

()çéDî,ïµzt,ïìíä
− )çéDî,ïµzt,hèïìíä

)  

with )çéDî,ïµzt,ïìíä
 the metric value in the voxel j of the white matter, for subject i and 

session #A (scan). 

In order to assess the capability of these metrics to detect reliable differences between 

subjects, the intraclass correlation coefficient (ICC) was computed in each spinal cord 

                                                

9 https://github.com/neuropoly/qMRLab  
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tract. The formula for ICC was: É∑∑ = út∏π∫ª
w

út∏πªº
w	Ωút∏π∫ª

w
		≥¥4ℎ			ÇMäNhí =

)#æûM 1/2 ⋅ ()M,ïìíä − )M)
U + ()M,hèïìíä − )M)

U) 	æû$		ÇMäNèh = E4$M()M). 

)M,ïìíä is the metric value measured in a specific tract for subject i, and )M is the average 

value between scan and rescan. From this formula, it appears that an ICC close to A reveals 

a much greater inter-subject variation than the scan-rescan error. Note that ÇMäNhí <

ÇMäNèh, and ICC should always be larger than @.y. 

Finally, a three-way ANOVA was done to assess the capability of these metrics to detect 

significant differences between tracts, subjects and laterality (left/right). 
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\.Q Results 

  The quality of the scan-rescan and registration to the template can be qualitatively 

assessed on a GIF animation10 showing in turn the quantitative maps from session #A (scan), 

from session #? (rescan) and the template. This animation shows a consistency across slices 

and subjects of all metrics in term of contrast (between white matter tracts) and accuracy. 

Similarly, raw maps at Cr in subject space were visually assessed11. Subject #r was discarded 

from the rest of the study due to particularly strong movements during the scan. 

  Figure \.7 shows the voxel-wise comparison of scan-rescan from all subjects and for each 

metric. fr and MTV showed a good correlation (r>@.Bn) and low deviation between scan 

and rescan (<?%).  

 

 

Figure \.7: Scan-rescan repeatability of the different quantitative metrics, assessed 

voxel-wise, in the template space, in the white matter. Bottom right. the 

                                                

10 https://osf.io/yebwd/  

11 https://osf.io/xgsn9/ 
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correlation between MTV and fr seems to follow the line of iso-g-ratio g=@.By, thus 

reducing the dynamic of the g-ratio metric (achievable values are emphasized by 

the dashed box). 

 

Figure \.8 shows the ICC obtained per tract for all subjects (excluding subject #r). Metric 

fr was particularly sensitive to differences between subjects (ICC>@.z) in the gray matter, 

ventral and lateral tracts. The axon diameter index detected differences between subjects 

in the motor tract, and the left cuneatus (ICC>@.x). 

 

Figure \.8: Intra-class correlation coefficient (ICC) assessed per tract using the 

atlas of spinal cord tracts. An ICC close to A shows the capability of the metric to 

detect differences between subjects. 
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Figure \.Q shows the results of the ANOVA. fr, axon diameter and MTV could detect 

reproducible differences between tracts and subjects. Axon diameter, MTV and g-ratio 

could detect significant differences between right and left tracts, with inverse trends 

between axon diameter and MTV. 

 

 

Figure \.Q: Result of the three-way ANOVA (tracts, subjects, and laterality) for 

each metric along with the bar plot of metric values in each tract, and scan-rescan 

error. 

\.T Discussion 

In previous studies from our group (n,??), we reported the consistency across slices and 

across subjects, as well as the sensitivity of these metrics to microstructural differences 

between tracts and between the left and right sides. 

In this study, eight new subjects were scanned twice in order to study the performance of 

the microstructural biomarkers in term of sensitivity to subject variation (ICC), precision 

(voxel-wise correlation) and repeatability (deviation between scan and rescan). 
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Results of the tract-by-tract analysis (Figure \.Q) are consistent with (n,??), in terms of 

contrast between tracts (higher axonal density, higher macromolecular content, and 

smaller fibers in the dorsal column than in the lateral tracts) and statistical results 

(ANOVA). 

\.T.7 Voxel-wise correlation 

fr and MTV showed good precision and sensitivity to the microstructure based on the voxel-

wise correlation and the ANOVA analysis. A worse correlation coefficient was found for g-

ratio (r=@.nn), that we attribute to (i) unstable g-ratio due to the indeterminate form (@/@) 

of the equation b =
(oLu¿¡)≠h

u¿¡Ω(oLu¿¡)≠h
 when both fr and MTV are close to @ (at the 

periphery of the spinal cord) and (ii) to the small dynamic range of this metric in healthy 

tissue due to the correlation between MTV and fr (r=@.nB) that follows the line of iso-gratio 

(g=@.By) (Figure \.7). 

\.T.8 Intra-Class Correlation Coefficient 

The large ICC found in ventral and peripheral tracts for the fr metric can be explained by 

the significant (p<@.@y) correlation of fr with the cross-sectional area (CSA) of the spinal 

cord (r=-@.w in average in these tracts). This negative correlation shows that smaller spinal 

cords have higher fr values, which can be explained by higher spatial constraints in smaller 

spinal cords if we assume approximately the same number of fibers between individuals. 

Histological studies are necessary to validate this hypothesis. Note that partial volume 

effect, with CSF or gray matter, would result in a positive correlation between fr and the 

CSA because fr in the CSF and in the gray matter is very low. 

A relatively small ICC was found for MTV (about @.y), which can be explained by (i) the 

small dynamic range of this metric in healthy tissue (STD<@.A in white matter) as shown by 

histology (?r,?n), and simulations (?y), and (ii) the difficulty to normalize proton density 

robustly using the CSF in the spinal cord due to CSF pulsation and the presence of spinal 

roots. The use of an external calibration phantom, or other tissues with known water 

content could be considered for the normalization of the proton density. Although MTV 
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might not be capable of detecting the subtle variations between healthy subjects, this metric 

is highly sensitive to demyelination in neurodegenerative diseases (r@% contrast in 

multiple sclerosis lesions) (?w,?B), and higher ICC is expected if patients are included. 

\.T.Q Laterality difference 

A significant laterality (left/right) difference was found for MTV (P<A@-n), axon diameter 

index (P<A@-?) and g-ratio (p<A@-?). We notice an inverse trend between axon diameter and 

MTV (Figure \.Q), which is confirmed by simulations (?y) (large fibers have proportionally 

less myelin). Although such microstructure differences could be genuine, other potential 

confounds should be considered, such as partial voluming. For instance, different thickness 

between the two gray matter posterior horns would bias the estimated metrics differently 

between the left and right columns. This effect is suspected on the ICC maps with larger 

values (i.e. large inter-subject variation) close to one of the two horns. Although the metric 

extraction procedure minimizes the effect of partial voluming thanks to a maximum a 

posteriori approach (?A), this requires a good segmentation and registration of the atlas of 

tracts. Future studies will include gray matter segmentation to further reduce this potential 

bias (?x).  

\.T.T Model assumptions 

The assumptions (notably the relationship between myelin and MTV) of the biomarkers 

used in this study were already discussed in these previously published studies (n,??). In 

this study, the diffusion model assumes a fixed intra-axonal diffusion coefficient; no time-

dependence of the extra-axonal perpendicular diffusivity (Fieremans NIMG ?@Aw); and no 

free water compartment. However, in pathology, one could expect a different intra-axonal 

diffusion coefficient, an increased effect of time-dependence due to axonal loss, and 

presence of a free water compartment due to inflammation and/or oedema. We 

investigated the impact of these effects on the repeatability and accuracy using simulations 

in supplementary material SA.  
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\.T.[ Data quality 

While we acknowledge that the repeatability study is expected to include all possible 

sources of variation (including subject motion), the motion of subject #r was particularly 

large (see Figure a.7). We decided to remove this subject because it would have strongly 

affected the repeatability measures without being relevant for the study. The present study 

assumes that a certain level of data quality is achieved before being considered for the 

analysis. We would like to stress that quality control is a necessary step in all research and 

clinical studies, and discarding subject on the basis of large motion is a common routine. 

Strong motion results in blurry and distorted spoiled gradient echo images (see Figure 

a.7.a). This acquisition is particularly sensitive to motion due to the long duration of the rD 

scan. Sensitivity to motion could be reduced by using simultaneous multi-slice, reduced 

field of view or higher bandwidth (at the expense of lower SNR). Navigator-based or 

camera-based methods to track motion and correct the phase can also be considered but 

the non-rigid motion of the spinal cord in relation to the rest of the body will limit their 

performance. Diffusion-weighted EPI images, combined with the motion correction 

algorithm, are less affected by such strong motion, although we note more blurry borders 

on the mean DWI of subject #r (see Figure a.7.c). Note that in this study, we tried to 

minimize subject motion by informing subject of the issues of motion (before MRI session 

and between runs), and by using pads to ensure subject comfort and to minimize head 

rotation. More restrictive designs could be considered. 

\.T.\ Applicability of the results 

In all repeatability studies the infrastructure and acquisition parameters are a major source 

of variability, so our results might not be readily applicable to other configurations. Here 

we used a r@@mT/m system with a wnch head/neck coil. While the strong gradients 

definitely helped for the diffusion-weighted scans, they had negligible influence for the 

MTV/TA protocol we used for quantifying myelin. Therefore, the presented results for the 

myelin protocol are applicable to clinical systems equipped with similar coils and pulse 

sequences.  
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Regarding the diffusion-weighted scans, the present study is still relevant to the community 

at large, as it sets a lower limit to the variability that can be expected with systems equipped 

with lower gradients. In a previous ex vivo study, we showed that the restricted water 

fraction can be measured robustly even at lower b-values (b=n,@@@mm?/ms), but the lower 

gradient strength prevents the measurement of the axon diameter index (Duval et al. ?@AB). 

Stimulated echo sequences could also be considered to increase the b-value on clinical 

systems (Alexander and Dyrby ?@Ar), but the experimenter should be aware of (i) the 

stronger time-dependence effect (Fieremans et al. ?@Aw), (ii) the much higher sensitivity to 

non-rigid motion of the spinal cord, and (iii) the different TA- and T?- weighting when 

compared to the PGSE sequence. 

It is also important to note that the presented results are bound to a specific acquisition 

and analysis protocol. For example, lowering spatial resolution or using models with fewer 

degrees of freedom (compared to AxCaliber) would likely produce better reproducibility 

results. 

\.[ Conclusion 

It is possible to robustly extract AxCaliber, MTV and g-ratio metrics in the different spinal 

cord tracts and to detect significant differences between healthy subjects and spinal cord 

tracts. The proposed acquisition and processing framework could be useful for assessing 

spinal cord demyelination in diseases such as multiple sclerosis. 
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\.a Supplementary Material 

\.a.7 Supporting Information S7: ANOVA 

As in (Duval et al. ?@Ay, ?@AB), an ANOVA r was used to test if qMRI metrics are sensitive 

to laterality differences (left versus right tracts), tracts differences and subjects differences. 

 

Figure \.T: Result of the three-way ANOVA (tracts, subjects, and laterality) for each metric 

along with the bar plot of metric values in each tract, and scan-rescan error. 
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\.a.8 Supporting Information S8: Simulation of the impact of diffusion 

model assumptions on repeatability and accuracy 

In this section, we simulated the impact of model assumptions on the accuracy and stability 

of the fits for a particular signal-to-noise level. The following assumptions were challenged: 

(i) time-dependence of the diffusion coefficient in the extra-axonal (hindered) 

compartment, (ii) presence of a free water compartment and (iii) fixed intra-axonal 

diffusivity. 

Method. The assumptions were added to the model equation (see next paragraph) in order 

to simulate a realistic MR signal. For each assumption, the parameter in question (i.e. length 

of coherence, free water compartment fraction or intra-axonal diffusion coefficient) was 

varied in A@ steps, while all other parameters were fixed (see “Nominal” values in table of 

Figure \.[). MR data were simulated with the same protocol used in the manuscript. Rician 

noise (SNR = y@ at b=@) was then added, and equation (A) was used to fit the simulated 

data. This procedure was run ?@ times in order to compute a mean and standard deviation 

for all fitted parameters. This entire procedure can be reproduced using the Sensitivity 

Analysis add-on of qMRLab (https://github.com/neuropoly/qMRLab). 

Equation. Diffusion MRI data were simulated using the following equation: 

W¬ = W1 ;e, ;m ⋅ (1 − Ö"	 − 	Ö√EÖ) ⋅ WØ {, lØí, •√ + Ö" ⋅ Wh `, P, _, lMäNhí, $ + Ö√EÖ ⋅ Wìï≠ {, l√EÖ

  (1) 

with q, δ and Δ the diffusion parameters and b = (?πq)?(Δ - δ/r). 

Sh, the signal in the hindered compartment, is modeled by a time-dependent Gaussian 

Diffusion (Fieremans et al., ?@Aw, equation (z)):  

lØí = lØ −)#æû(líóñµïN±èäN(•√)) + líóñµïN±èäN(•√) 

with Dh the mean (across acquisition parameters) diffusion coefficient adjusted by:  

líóñµïN±èäN =
0.2 ⋅ •√U

2PU(_ − P/3)
[_U ⋅ •û

_U − PU

_U
+ PU ⋅ •û

_U − PU

PU
+ 2_P ⋅ •û

_ + P

_ − P
] 
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Sr, the intra-axonal signal, is modeled by the Gaussian phase distribution in a cylinder 

(Wang et al., Azzy). Dintra is the intra-axonal real diffusion coefficient, and d is the axonal 

diameter index (Alexander et al., ?@A@). Scsf, the signal in the free compartment (e.g. CSF 

contamination or inflammation), is modeled with a Gaussian diffusion. Dcsf is the diffusion 

coefficient. 

Results. Violation of model assumptions (i.e. fcsf>@, lc>@ or Dintra ≠ A.n µm?/ms) has little 

impact on the stability of the fitted parameters with respect to noise, as shown by the stable 

standard deviations of the fitted metrics Dh, axon diameter index and fr in Figure \.[. 

However, the following bias can be observed: 

• fcsf � [@ @.y]: up to A@% overestimation for axon diameter index and fr, with a peak 

for fcsf=@.?y. Dh tends to compensate for the free compartment contamination. 

• lc > rµm: overestimation of all parameters by more than y% 

• Dintra: Axon diameter index is inversely proportional (slope -@.x) with the true 

Dintra value. No major impact on fr and Dh 
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Figure \.[: Simulation of the impact of model assumptions (X-axis) on the fitted 

parameters (Y-axis) using qMRLab. In order to improve the precision of fitting 

parameters, the number of parameters is reduced by fixing some of them to a 

particular value (vertical dotted lines). Violation of these assumptions can 

introduce biases, illustrated by the deviation of the average fitted values (blue 

circles) from the ground truth (horizontal black lines), or reduce precision of the 

fitted values (blue error bars).  
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Note that the assumptions were made to improve the precision of the measurements, at the 

expense of accuracy. In pathology, it could be of interest to relax an assumption and fit the 

associated parameter. Similar simulations could be used in the future to study the impact 

of additional fitting parameters on the repeatability. 
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Modeling the biophysical processes that produce the MRI contrast is a challenging problem. 

Many models have been proposed to solve the inverse problem and retrieve quantitative 

microstructural information based on the MRI contrast, but this procedure needs 

validation.  

In this work, we propose to validate the measurement of myelin content, axonal diameter 

and density with MRI by comparing the results with full slice histology of the neuronal 

fibers with axon and myelin segmentation. High resolution MRI data (Ay@µm/px) were 

acquired on an ex vivo spinal cord and compared voxel by voxel with histology. We found 

that q-space metrics were precise enough to distinguish between various fiber distributions. 

A correlation coefficient of r=@.w? was found between AxCaliber and histology for axon 

diameter metric. Also, good agreement was found between the different q-space models 

and with MTV. 

Keywords: histology, MRI, spinal cord, osmium, axon, whole-slide, microstructure, tissue 

modeling 
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a.7 Introduction 

Model-based quantitative magnetic resonance imaging (MRI) technique allows the 

extraction of meaningful values associated to a microstructural feature such as the myelin 

content or the axon density within a voxel. This technique presents many advantages over 

conventional MRI. Firstly, it brings a gain in sensitivity and specificity because it combines 

multiple MRI images acquired with different parameters and correct for confounding 

effects (e.g. coil sensitivity and excitation profiles, TA/T? relaxation). Secondly it provides 

reproducible values that enables to trace a lesion activity, to perform inter-subject 

comparison studies and generate reference atlases of healthy tissue. Thirdly it is expected 

to help the interpretation of tissue microstructure and tissue integrity in lesions: for 

instance to discriminate between demyelination, axon loss or inflammation only. 

In practice, this is done by acquiring many MRI images sensitive to a particular feature 

(myelin in magnetization transfer, axonal density in diffusion MRI) and by interpreting 

signal change via models and equations. These models, however, make some assumptions 

and simplifications, that might produce false interpretation of the underlying 

microstructure, and thus need to be validated. Although a lot of effort has been put to 

validate each of these models, none of these validations is totally satisfying and the exact 

modeling of white matter is still under debate (Burcaw et al., ?@Ay; Ferizi et al., ?@An; Nilsson 

et al., ?@Ar).  

Three main approaches have been used. The first method is to look at how models predict 

MRI signal change in the white matter for different acquisition parameters (Ferizi et al., 

?@An; Lee et al., ?@Aw). This approach is particularly useful to develop models and to reveal 

their limits and incoherences. However, this verification is a necessary but not a sufficient 

condition for having a realistic modeling. In fact, there is not a unique model that can 

predict correctly the MRI signal (Ferizi et al., ?@An), partly because the MRI signal presents 

a relatively simple behavior (e.g. biexponential) in the achievable range of acquisition 

parameter (b-value in diffusion MRI, flip angle and offset in magnetization transfer). The 

second approach is to use numerical (Burcaw et al., ?@Ay; Hall and Alexander, ?@@z; Nilsson 
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et al., ?@A?) or synthetic (Fieremans et al., ?@@x; Shemesh et al., ?@A@) phantoms where 

each microstructural parameter can be controlled independently. While necessary for the 

calibration of the methods and the validation of the equations, these phantoms aren’t 

perfectly realistic and can’t be considered as an irrefutable validation. The last 

complementary approach consists on comparing the quantitative MRI metrics with 

histology. Thanks to the diversity of microstructure in the white matter, as observed 

between the different region of the corpus callosum (Aboitiz et al., Azz?) or between the 

different pathways of the spinal cord (Nieuwenhuys et al., ?@@B), histology can show the 

high sensitivity of these measurements to the desired microstructural feature and can assess 

their accuracy (Barazany et al., ?@@z; Chin et al., ?@@n; Farrell et al., ?@A@; Golabchi et al., 

?@A@; Harkins et al., ?@A?; Kolasinski et al., ?@A?; Ong et al., ?@@x; Stikov et al., ?@Ay). 

Histology requires to fix, stain, the image at high resolution (fraction of micrometers), and 

segment correctly the axons, myelin sheath and other components of the white matter, a 

task that is technically complex. Due to these challenges, histological validation studies 

have been performed using a couple (around ten) of small images (around ?@ x ?@ µm?) 

that are united in regions of interest presenting similar microstructure (e.g. genu, body, and 

splenium of the corpus callosum). This small number of data limit the statistical power of 

these studies, which is necessary for (i) validating the sensitivity to subtle changes of 

microstructure throughout the white matter such as changes myelin content, (ii) 

comparing and ranking models and (iii) assessing the specificity of a particular metric.  

Indeed, assessing the specificity is particularly challenging because many microstructural 

and physical parameters correlate with each other in the white matter (e.g. axon diameter, 

axon density, myelin/iron/water content, CSF contamination, TA and T? relaxation): how 

to be sure, for instance, that axon diameter index from MRI is not biased by axon density 

or T? relaxation? In previous histological validation studies, only a couple of points was 

opposing the quantitative metric (MMRI) to the desire microstructural feature (Mhisto), 

making it tricky to validate a A:A relationship (only the correlation was assessed). We expect 

that a large amount of data presenting a large spectrum of axon diameter and density, in 

healthy and damaged tissue, will help to answer this question.  
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In this work, we focus on the variety of diameter distribution and densities present in the 

spinal tracts to validate and compare in a same study the quantitative metrics from the 

following models and techniques: AxCaliber (Assaf et al., ?@@x), NODDI (Zhang et al., 

?@A?), ActiveAx (Alexander et al., ?@A@) and MTV (Mezer et al., ?@Ar). All protocols were 

acquired on an ex vivo cat spinal cord and the sensitivity and precision of the extracted 

metrics were assessed using full slice histology with automatic axon segmentation. Data 

from this study are made publicly available as a basis for future comparisons 

(http://www.neuro.polymtl.ca/downloads).  

a.8 Methods 

a.8.7 Tissue preparation 

The spinal cord of an healthy adult cat was supplied by the SensoriMotor Rehabilitation 

Research Team and approved by the local ethic committee. Just after sacrifice, the animal 

was perfused, first with y@@ mL of saline @.z% to wash blood and improve fixative 

penetration, and then with AL n% paraformaldehyde (PFA) in Phosphate buffer @.AM. 

Immediately after perfusion, a cervical segment of spinal cord was extracted and post-fixed 

overnight in PFA n% at n°C. Two contiguous pieces of one-centimeter-long were cut, one 

piece was sent for histology, the other was used for MRI. 

a.8.8 MRI acquisition 

The first piece was scanned on a Agilent BT animal scanner equipped with w@@ mT/m 

gradients and a slew rate of A T/m/ms. The tissue was washed in phosphate buffered saline 

(PBS Ax) five days at n°C before scanning and inserted into a small glass tube filled with 

buffered water. A custom-made solenoid coil was used for transmission and reception (SAA 

~ -n@dB). One axial slice of spinal cord was acquired with a matrix size of wnxwn and a 

resolution of @.Awx@.Awx@.?@ mmr.  
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a.8.8.7 Diffusion 

A single shot echo planar imaging sequence was used with following acquisition settings: 

bandwidth of ?y@kHz, TR=?s.  

Figure B.A shows the qspace sampling for the AxCaliber protocol (?D sampling 

perpendicular to the spinal cord). Diffusion parameters were δ=r/x/x/x ms, Δ = B/A?/?y/n@ 

ms, G = [@ .. xnz] mT/m (Azz increments), echo time (TE) was minimized (TE = rw - w? ms). 

A total of Bzw increments were acquired. The CHARMED model (Assaf et al., ?@@n) was 

used to analyse the data. This model assumes perfectly parallel fibers with a single axon 

diameter and present the following fitting parameters: (i) axon diameter index (Alexander 

et al., ?@A@) (ii) fraction of restricted water (fr), and (iii) apparent hindered diffusion 

coefficient (Dh). The restricted compartment was modeled using the Gaussian phase 

distribution approximation (Murday and Cotts, Azwx). 

Figure B.A.b. shows the qspace sampling used for NODDI and ActiveAx. Diffusion 

parameters were δ=rms, Δ=r@ms, TE=nBms. Four shells were acquired with 

bvalue=n@/Axz/Awx@/wB?@ s.mm-?. Bzw diffusion weighted images were acquired in ?B min 

in each protocol. 

For NODDI, the WatsonSHStickTortIsoVIsoDot_B@ model was used.  

Both ActiveAx and NODDI were fitted using (A) AMICO framework (Daducci et al., ?@Ay). 

ActiveAx results were obtained using a two compartment model (ZeppelinCylinder) and 

NODDI used a four compartment model WatsonSHStickTortIsoVIsoDot_B@.   
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Figure a.7. qspace sampling of the diffusion protocols. a. AxCaliber b. NODDI and 

ActiveAx 

a.8.8.8 Macromolecular Tissue Volume (MTV) 

MTV was measured using the procedure described in (Mezer et al., ?@Ar). First a TA map 

was produced using an Inversion Recovery Fast Spin Echo (Barral et al., ?@A@) with rx 

inversion times exponentially distributed between rms and ?s (hard-inversion pulse, 

TR=Ans, ESP=w.Axms). Spoiled Gradient-Echo images (? dummy scan, Aw average, TE=?.nms, 

TR=?nms) were acquired using flip angles of ?,n,w,A@,Ay,?@,?y and r@°. 
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a.8.Q Histology 

The second piece of spinal cord was stained with osmium ?% for ? hours, dehydrated, 

embedded in paraffin, cut in n µm slices and imaged using an optical ?@x whole slice 

microscope (Hamamatsu NanoZoomer ?.@-HT). Resolution was ?r@ nm/px and allowed us 

to segment the axons automatically using AxonSeg. Figure a.8 shows the histological image 

before and after myelin segmentation. 

 

 

Figure a.8: Optical image of the full spinal cord before (left) and after (right) 

myelin segmentation (color-coded for axon diameter). 
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a.8.T Voxel-wise comparison 

Figure a.Q describes the procedure used to perform voxel-wise comparison between MRI 

and histology. The axon-segmented image was first downsampled by averaging the axon 

morphological properties (axon diameter (mean and std), myelin volume fraction, fiber 

volume fraction, number of axons per mm?) on Ay@xAy@ µm? windows. Then the 

downsampled histology was registered to MRI using affine transformation supervised by 

control points (image processing Toolbox, MATLAB, R?@Ana). Correlation (Pearson 

coefficient) was computed voxel-wise between MRI and histological metrics. 

 

Figure a.Q: Framework for the comparison of MRI quantitative metrics with 

histology. Histology was downsampled (a) by computing the average axonal 

metrics in Ay@xAy@µm? pixels. Metrics were then registered on the MRI (b) using 

affine transform. MRI quantitative metrics (c) were compared with histology (d) 

voxel by voxel using Pearson correlation coefficient (e). 
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a.Q Results 

Figure a.T shows the MRI metrics and histological results. Both histology and MRI show a 

strong contrast in the white matter. A good agreement can be seen between MRI metrics 

and between histology and MRI. 

 

Figure a.T: Quantitative MRI metrics mapping (left ? columns) and histology 

mapping (right column). Top row: Axon diameter metrics. Middle row: Fraction 

of restricted water. Bottom row: FA and myelin volume fraction metrics. 
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Figure a.[ shows the correlation matrix of MRI and histological metrics. We found a high 

correlation between AxCaliber and histology for axon diameter (r=@.w?) (box A) and a 

moderate correlation for the fraction of restricted water (r=@.rx) (box ?). A good correlation 

for the measurement of the restricted water fraction between AxCaliber and NODDI 

(r=@.yz) (box r), ActiveAx (@.xw), FA (@.xr) and MTV (@.Bw) (box n). 

Interestingly most MRI metrics do not correlate significantly with histology (see black boxes 

on the top right corner “histology versus MRI”), suggesting a good specificity of the metrics 

that do correlate with histology. No particular correlation was found between MTV and 

myelin volume fraction obtained from histology, probably due to the difficulty to measure 

myelin volume fraction with optical microscopy (see discussions). 
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Figure a.[: Correlation matrix comparing histology (green) quantitative diffusion 

MRI metrics (orange) and quantitative myelin imaging (blue). Note the numbered 

cases. Box 7 exhibits a high correlation (@.w?) between histology and MRI for axon 

diameter. Box 8 presents a moderate correlation (@.nx) between histology and 

MRI for the restricted fraction. Box Q highlights the agreement between ?D and rD 

sampled q-pace metrics. Box T highlights the link between diffusion and myelin 

imaging. 
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a.T Discussion 

In this work, we used for the first time a fully axon-segmented slice of spinal cord and we 

compared it with different diffusion and myelin imaging quantitative metrics. We showed, 

through a correlation analysis, that AxCaliber was precise enough to distinguish between 

various fiber distributions present in the spinal cord white matter.  

Due to the relatively large size of the axons in the spinal cord (up to zµm in this cat sample), 

the axons could clearly be distinguished in our image, even using optical microscopy. 

Optical microscopy presents the advantage of being particularly fast (entire slices can be 

acquired in a minute with a slide scanner) and multiple staining can be used easily to reveal 

other microstructural features (e.g. luxol fast blue, H&E). While optical images are 

sufficient to get a precise and accurate mapping of the mean axon diameter throughout the 

spinal cord, the inherent blur tends to bias the measures of myelin thickness 

(underestimation of g-ratio), and limits the detection of the smallest axons. We believe that 

this limitation greatly explains the poor correlation between MTV and myelin volume 

fraction obtain with histology. This is especially problematic because the dynamic of the 

myelin volume fraction in the spinal cord is particularly small (y-A@%) (Harkins et al., ?@Aw), 

and thus needs to be measure with high precision for both MRI and histology in order to 

obtain good correlation. 

In addition to the physical limitation of optical microscopy, the broad point spread function 

(blur) can also be explained by the thickness of the slice (tenth of microns) that is larger 

than the depth of field (wµm at ?@x and Aµm at n@x). Cutting thinner such a large sample 

would have resulted in holes and thus could not be obtained. As a result, we were limited 

to ?@x magnification (NA=@.nA, effective resolution = Aµm). Better (but slower and 

monomodale) microscopy, such as electron microscopy or CARS (Duval et al., ?@Ay), would 

overcome this issue and allow accurate measurement of the myelin thickness and axonal 

density.  

In addition, axon segmentation error might bias our reported results and limit the 

validation of the accuracy of the MRI metrics. Quantification of these bias are, however, 
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possible by training on manual correction of the axon segmentation using online crowd 

contribution (Guttmann, n.d.). 

Finally, tissue deterioration during preparation is an additional bias that would be 

overcome with preservative histological methods such as CARS (Duval et al., ?@Ay).  
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CHAPITRE d HISTOLOGIE A GRANDE ECHELLE DE LA MOELLE 

EPINIERE HUMAINE : UNE ANATOMIE DETAILLEE DE LA 

MICROSTRUCTURE  

Objectif. Les axones dans la matière blanche du cerveau sont les cables d'information de 

notre système nerveux central. Entourés par la myéline, membrane lipidique qui permet 

une conduction plus rapide des signaux, ces cellules allongées assurent la communication 

neuronale chez tous les mammifères. Les lésions traumatiques ou les maladies 

neurodégénératives telles que la sclérose en plaques peuvent endommager les axones 

myélinisés, conduisant éventuellement à la douleur chronique et des déficits fonctionnels 

tels que la paraplégie. Pour comprendre l'impact spécifique de ces pathologies sur la 

microstructure de la matière blanche, une première étape nécessaire est de caractériser les 

axones de la moelle épinière en bonne santé. A ce jour, seules des connaissances limitées 

sont disponibles sur la morphologie de ces axones, sur comment les axones varient entre 

les populations humaines et ce qui se passe au niveau micro- et macroscopiques dans des 

conditions pathologiques. A cet effet, nous avons construit le premier atlas complet de 

microstructure de la matière blanche d'une moelle épinière humaine ex vivo, avec des 

mesures quantitatives telles que le diamètre de l'axone, la densité des axones et l'épaisseur 

de la myéline. 

Méthode. Une moelle épinière humaine a été disséqué et ?n coupes axiales ont été extraits 

à chaque niveau de la colonne vertébrale, entre Ly et CA. Après fixation et coloration à 

l'osmium, un microscope électronique à balayage a été utilisée pour imager la totalité de 

chaque tranche à une résolution variant de Ar@ à ?w@ nm / px, donnant des images 

composées d'environ A@ gigapixels. À cette résolution, les axones myélinisés, ainsi que leurs 

gaines de myéline, se distinguent clairement à cette résolution, permettant d'effectuer une 

segmentation automatique. Des cartes de morphologie axonale (forme, diamètre, épaisseur 

de la myéline, la densité) ont été obtenus à partir de ces segmentations et recallées sur un 

modèle d'imagerie par résonance magnétique de la moelle épinière (IRM) (PAMy@) pour 

créer le premier atlas rD de la microstructure de la moelle épinière. 
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Résultats. Entre y@@ @@@ (lombaire) et A million (cervical) d'axones myélinisés ont été 

segmentés dans la moelle épinière humaine. Une grande variabilité du diamètre des axones 

a été observée dans la substance blanche : au niveau du niveau cervical, le diamètre moyen 

des axones varie entre ?,y µm (gracilis) et r,y µm (spino-cérébellar), et la fraction volumique 

de fibres myélinisées varie de r@% (gracilis) à y@% (cunéatus et spino-cérébellar). Nous 

avons également observé que la moelle épinière est très symétrique. En moyenne, la 

différence entre les voies gauche et droite pour le diamètre est de @,@A µm axonale, A% pour 

la densité axonale et @,n% pour le volume de myéline. Par conséquent, le fait d'être droitier 

ou gaucher a très peu d'impact sur la morphologie axonale. Le premier modèle de 

microstructure de la moelle épinière humaine a été rendu public pour le téléchargement : 

https://osf.io/xkBjr/ 
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d.7 Introduction 

la substance blanche de la moelle épinière est composé de fibres neuronales, regroupés en 

faisceaux, qui relient les différentes régions du cerveau avec le système nerveux 

périphérique. Les fibres myélinisées et non-myélinisées occupent ensemble environ w@% 

du volume de la substance blanche (Mottershead et al., ?@@r;. Perge et al, ?@@z), et le reste 

est occupé par les cellules gliales, les vaisseaux sanguins, le collagène, et quelques corps 

cellulaires. La morphologie de ces fibres est remarquablement hétérogène: tandis que la 

matière blanche pourrait être considéré comme un réseau de câbles identiques 

transmettant des potentiels d'action, en réalité la taille de ces fibres varie entre @,A et A@ 

microns (Perge et al, ?@A?.). Les différentes voies de la matière blanche sont caractérisées 

par des microstructures différentes (Nieuwenhuys et al., ?@@B), mais cette observation est 

surtout qualitative, et il existe peu de données qui décrivent clairement et quantifient ces 

différences (Watson et al., ?@@z). L'absence d'information claire sur la microstructure de la 

matière blanche de la moelle épinière est également problématique pour la validation des 

méthodes d'imagerie par résonance magnétique quantitatives qui sont sensibles, voire 

spécifique, à la microstructure (Cohen-Adad et Wheeler-Kingshott, ?@An; Dula et al., ?@A@; 

Duval et al., ?@AB). 

Comme on peut observer dans les livres d'anatomie relativement récents (Gray et al., ?@@y; 

Nieuwenhuys et al, ?@@B;.. Watson et al, ?@@z), les connaissances sur l'organisation des 

fibres dans la matière blanche est une accumulation de décennies de recherche par des  

experts neuroanatomistes et il n'est pas rare d'utiliser des études de références qui ont plus 

de cinquante ans (Demyer, Azyz; Gray, AxwB; Lassek, Azny, Verhaart, Azw?). En effet, la 

cartographie et la classification de la connexion et la morphologie des millions de fibres 

nécessite des études particulièrement minutieux qui ne peuvent être reproduites 

facilement. Dans le paragraphe suivant, nous allons donner un aperçu de l'état de l'art de la 

microstructure de la matière blanche dans la moelle épinière. 

Les cartes générales de la cytoarchitecture se trouvent dans (Nieuwenhuys et al., ?@@B), 

mais les descriptions sont qualitatives. Pour les valeurs quantitatives, les études se 
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concentrent généralement sur une seule voie spinale. Parce que chaque voie a souvent été 

étudié par un auteur différent, une comparaison quantitative entre les voies est délicate. 

Seules les principales voies ont été largement étudiées, à savoir corticospinal, 

spinothalamique, spinocérébellar et la colonne dorsale. Corticospinal. Cette grande voie 

de fibres moteur a été la plus étudiée. Chez l'homme, les principales voies corticospinal 

(anciennement appelées faisceaux pyramidale) sont situés dans les colonnes latérales et le 

diamètre de leurs fibres myélinisées varie de A à ?@ um (Lassek, Azny; Verhaart, AznB), avec 

z@% des fibres compris entre A et n um (Lassek, Azny). A noter que, chez les rongeurs, ce 

tube se trouve dans la colonne dorsale et il est composé de petites uniformément axones 

(~Aµm) (Verhaart, Azw?). La présence de quelques très grands axones chez l'homme est 

attribuée au développement de la dextérité (Nudo et Frost, ?@@B). Nous comptons environ 

w@,@@@ axones myélinisées dans l'ensemble des voies cortico pour l'humain, ce qui équivaut 

à B.@@@ axones / mm? (Wada, ?@@A). Spino-thalamique. Le faisceau spino-thalamique est 

composé d'environ Ax @@@ fibres chez les singes (Apkarian et Hodge, Azxz), avec la plus 

grande densité au niveau du cervical (CA-Cr). La structure est stratifiée, avec des fibres 

afférentes s'accumulant sur la partie latérale. En direction rostrale, les voies 

spinothalamique migrent progressivement vers le ventral, en particulier avant 

l'élargissement cervical (Zhang et al., ?@@@). Chez le singe, le chat et l'écureuil, ce tube est 

connu pour être hétérogène avec de grands axones situés sur la partie ventrale du tube et 

des axones plus fins situés dorsalement (Stevens et al., AzzA). Spinocerebellar. Cette 

organisation stratifiée est également observée pour les voies spinocerebellar. Les axones les 

plus internes viennent des segments inférieurs de la moelle épinière. Ces tracts contiennent 

des axones particulièrement grands, mais quelques petits axones sont également présents 

dans les parties ventrales (Watson et al., ?@@z, p. Ayy). Colonne dorsale. La colonne 

dorsale se compose de deux voies sensorielles: gracilis et cunéatus. Alors que la plupart des 

axones dans ces voies sont de petite taille, la plupart du temps non-myélinisés et court (?-

r segments), la majorité du volume est occupé par des axones grandes et longues (Burgess 

et Horch, AzBx). Chez le chat, la majorité des fibres du gracilis sont ?-yμm large (Hwang et 

al., AzBy). Le cuneatus contient des axones beaucoup plus grands que la gracilis avec un 
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diamètre moyen de A um et A.nμm respectivement chez le rat (Ong et al., ?@@x). Un examen 

plus approfondi de la morphologie axonale dans la moelle épinière peut se trouver dans 

l'article de revue (Saliani et al. ?@AB). 

Récemment, grâce à la puissance de calcul de plus en plus importante, qui permet 

l'acquisition et le stockage de plus en plus de données, l'imagerie à grand champ de vue et 

à la résolution suffisante pour distinguer les plus petits axones est désormais possible (par 

exemple cerveau complet de la souris) (Hua et al, ?@Ay;. Mikula et al ., ?@A?; Mikula et Denk, 

?@Ay). De plus, des logiciels automatique pour segmenter ces ensembles de données ont été 

mis au point (et al Bégin, ?@An;.. Sommer et al, ?@AA;. Zaimi et al, ?@Aw). 

Dans ce travail, nous avons acquis ?n images entières d'une tranche de moelle épinière 

humaine à l'aide de la microscopie électronique à balayage à une résolution Ar@-?w@ nm, 

du niveaux cervical au niveaux lombaire. Les axones et leurs gaines de myéline sont 

automatiquement segmentés en vue de mesurer leur diamètre individuel, leur forme (par 

l'excentricité), et le g-ratio (le rapport du diamètre interne sur externe de la gaine de 

myéline). Le diamètre moyen des axones, la densité des axones, et de la myéline ont été 

mesurées dans chaque échantillon. Enfin, des statistiques ont été réalisées pour étudier les 

différences entre les niveaux, entre la gauche et la droite et entre fibres ascendantes et 

descendantes (voies sensorielles ou moteur). Les cartes de morphologie axonale ont été 

combinés et recallées à un modèle de la moelle épinière pour créer le premier atlas des 

microstructures de la moelle épinière. 
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d.8 Méthodes 

d.8.7 Préparation du tissue 

Ethique. La moelle épinière a été extraite d'un cadavre frais de femme (A,w@m, yy kg, BA 

ans), léguée au laboratoire d'anatomie à l'Université du Québec à Trois-Rivières par un 

consentement éclairé. Toutes les procédures ont été approuvées par le Comité d'éthique 

local (scelera-Ay-@r-PR@A). 

Dissection.  Deux heures après la mort, la moelle épinière a été disséqué et coupé en 

sections transversales y-A@mm d'épaisseur (voir Figure d.7). La position rostro-caudal a été 

estimée par comptage des racines nerveuses cervicales (x, A? thoraciques et lombaires y). 

Le côté droit de la colonne vertébrale a été marquée à l'aide des cordes attachées aux racines 

nerveuses. 

 

Figure d.7. dissection de la moelle épinière. La moelle épinière a été entièrement 

exposée (à gauche) et une ?n tranches de un centimètre de moelle épinière ont été 

extraites et post-fixées (à droite). 
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Fixation. Juste après dissection, les échantillons ont été immergés dans des flacons séparés 

de y@ ml contenant une solution de paraformaldehyde à n% et @ à ?% de glutaraldéhyde 

(Ga) (voir tableau A), et stockés à n ° C. La solution tampon est une solution PBS Ax, ajusté 

pour un pH de B,n avec HCl. Les différentes concentrations de glutaraldéhyde ont été 

utilisées afin d'évaluer le biais de contraction des tissus (qui dépend de la concentration en 

Ga) et empêcher le rapport des conclusions erronées (voir la discussion). Après une 

semaine, des échantillons ont été transférés dans du PBS Ax pour empêcher une fixation. Le 

tableau A énumère les sections extraites de la moelle épinière, le niveau de la colonne 

vertébrale, et les concentrations exactes de glutaraldéhyde. 
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Tableau d.7: Liste des échantillons. C: niveau cervical, T: niveau thoracique et L: 

niveau lombaire. Lorsque plusieurs tranches ont été extraites au même niveau, les 

lettres A, B et C ont été utilisés avec A la tranche la plus rostrale. 

spinal	level	 PFA	 Glutaraldehyde	 SEM	resolution	(nm)	

C1A	 4%	 0%	 260	
C1B	 4%	 0%	 260	
C2A	 4%	 2%	 130	
C2B	 4%	 0%	 260	
C2C	 4%	 0.5%	 130	
C3A	 4%	 2%	 130	
C3B	 4%	 0.5%	 130	
C3C	 4%	 0%	 260	
C4A	 4%	 2%	 130	
C5B	 4%	 0.5%	 130	
C5B	 4%	 0.5%	 130	
C5B	 4%	 2%	 130	
C6A	 4%	 0.5%	 130	
C6B	 4%	 2%	 130	
C7B	 4%	 0.5%	 130	
T12	 4%	 0%	 260	
T4	 4%	 0%	 130	
T9	 4%	 0.5%	 130	
T6	 4%	 2%	 130	
L1	 4%	 0.5%	 130	
L2A	 4%	 2%	 130	
L2B	 4%	 0%	 260	
L3A	 4%	 0.5%	 130	
L4A	 4%	 0%	 260	
L5	 4%	 0%	 260	

Préparation pour la microscopie. Des échantillons ont été colorés avec osmium ?% 

pendant A@ heures dans des flacons A@ ml. Un dispositif de rotation bidirectionnel a été 

utilisé pour empêcher le dépôt de l'osmium au fond du flacon. Les échantillons ont ensuite 

été lavées dans de l'eau distillée et déshydraté à A@, ?y, y@, By et A@@% des bains d'acétone 

pendant r@ minutes chacune. L'acétone a ensuite été progressivement remplacée par y@ et 

A@@% Epon xA? (Mecalab, Canada) pendant A? heures chacun. L'enrobage final a été effectué 

à w@ ° C pendant ?n heures. Au cours de l'enrobage final, chaque tranche axiale a été 
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soigneusement positionné au fond du moule, et maintenu à l'aide d'une grille en plastique, 

ceci afin d'avoir la surface la plus plane possible. Une fois la procédure d'incorporation 

terminée, un microtome (Reichert-Jung) a été utilisé pour éliminer les premières couches 

de résine (épaisseur de Ay um) et exposer l'ensemble de la tranche de la moelle épinière (voir 

Figure d.8). La grande lame en carbure de tungstène du microtome a permit de couper la 

totalité du bloc par des coupes de Ay µm. Lorsque la surface était légèrement courbé, la 

découpe a été effectuée à différents angles. y@ à A@@μm du tissu a été retiré avant d'obtenir 

des tranches entièrement exposées de la moelle épinière. Cette procédure a été nécessaire 

parce que l'osmium a une profondeur de pénétration de seulement ?@@ µm (Hua et al., 

?@Ay). Les tranches exposées de la moelle épinière ont ensuite été polies à l'aide d'une 

solution de polissage d'aluminium en suspension de @,@y µm, et la conduction électrique 

est assurée par dépôt en phase vapeur d'or (couche de w@@ Â).  

 

Figure d.8: Microtomie. Une lame en carbure de tungstène a été utilisé pour 

exposer la surface de la moelle épinière. L'angle de découpe a été ajusté afin 

d'éviter de couper plus profond que A@@ microns.  
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d.8.8 Microscopie 

Les images ont été obtenues à l'aide d'un microscope électronique à balayage (MEB) (JEOL 

JSMBw@@F) contrôlé par le logiciel Aztec r.? (Oxford Instruments, Royaume-Uni). Chaque 

échantillon a été soigneusement positionné sur le porte-échantillon pour assurer une 

surface parallèle et une bonne conduction avec le porte-échantillon en utilisant du ruban 

de carbone. La fonction de mappage de zone du logiciel Aztec a été utilisé pour acquérir 

entre Ay@ et r@@ mosaïques (en fonction du niveau spinal de la moelle) de xAz?xywr? pixels 

et une zone de A@w@xB?z µm?. Les paramètres suivants ont été utilisés pour l’analyse : le 

mode de faible grossissement, à faible angle détecteur d'électrons rétrodiffusés (LABE), Ay 

kV, la sonde à courant de An@ µA, grossissement à AA@x, distance Ay mm, temps de pause de 

?μs. Le mode faible grossissement a été choisi pour augmenter le champ de vision et la 

profondeur de champ. Le focus a été ajusté au niveau des nerfs périphériques afin d'éviter 

la dégradation de la surface, et le contraste / luminosité est réglé manuellement. Si le 

rapport signal-bruit n'était pas satisfaisant, la distance de balayage était réduite à A@ mm et 

le courant de sonde augmenté à Aw.  

d.8.Q Traitement d'image 

Collage. Les mosaïques ont été automatiquement collées en utilisant le plugin collage 

d'une collection en grille (Preibisch et al., ?@@z) du programme de traitement d'image Fidji 

(Schindelin et al., ?@A?). Étant donné que le collage a été défaillant dans certaines régions 

(généralement à la périphérie de la moelle épinière, où le fond noir est très présent), une 

détection des valeurs aberrantes a été mis en œuvre en supposant un déplacement constant 

du support (voir matériel supplémentaire SA). 

Segmentation. Les axones et la myéline de chaque image en mosaïque sont 

automatiquement segmentés en utilisant AxonSeg (Zaimi et al., ?@Aw) sur un ordinateur 

équipé d'un processeur A? cœurs Xeon Phi. La segmentation d'une tranche complète de la 

moelle épinière a été obtenue en environ A?h (en utilisant la boîte à outils de calcul parallèle 

Matlab). Pour chaque axone, les propriétés suivantes ont été mesurées: 
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� Diamètre équivalent de l’axone :  $	 = 	2 ríDéä/a  

(ríDéä = aire de l’axone segmenté) 
� Diamètre équivalent de la fibre : l	 = 	2 r≠Mzèh/a  

(r≠Mzèh = r±OèêMä + ríDéä) 

� g-Ratio :           b	 = $/l	  

� excentricité :            # = íwLzw

í
  

(avec a la longueur du grand axe et b la longueur du petit axe de l'ellipse qui a les 
mêmes deuxièmes moments centraux normalisés que l'axone segmentée) (Haralick 
and Shapiro, Azz?, Appendix A) 

 

Afin d'éviter une sur- ou sous-segmentation, les biais de segmentation ont été compensées 

en comparant segmentations manuelles (vérité terrain) et segmentations automatiques 

sur une région de Ax@.ymm?. Nous avons constaté que la majorité des axones plus petit 

que A µm étaient faux positifs, et cette valeur a déterminé notre limite de résolution. Voir 

matériel supplémentaire S? pour plus de détails. 

Sous-échantillonnage. Les images assemblées ont ensuite été sous-échantillonnés à une 

résolution de y@, A@@ et ?@@ µm (donnant différents rapport signal sur bruit) pour produire 

des cartes du (i) diamètre axonal équivalent moyen, (ii) le nombre d'axones allant de A à n 

µm par pixel, (iii) le nombre d'axones allant de n à x µm par pixel, (iv) le nombre total 

d'axones par pixel, (v) la fraction volumique de la myéline, (vi) la fraction volumique de 

l'axone, et (vii) des fibres (= myéline, plus axone) volume fraction. Notez que l'on extrapole 

le volume de la myéline ou des axones de la région en assumant la cohérence de ces zones 

le long de l'axe de la moelle épinière. Donc, 

8A#•¥û	≤∞•Ä)#	q"æ√4¥∞û	 = 	ù±OèêMä/ùNéNíê 

r>∞ûæ•	≤∞•Ä)#	q"æ√4¥∞û	 = 	ùíDéä/ùNéNíê 

q¥{#"	≤∞•Ä)#	q"æ√4¥∞û	 = 	 (ùíDéä 	+	ù±OèêMä)/ùNéNíê  

avec Nj le nombre de pixels attribués à la classe j dans les blocs de sous-échantillonnage 

(par exemple, pour un sous-échantillonnage de @,Ar@ à y@ µm, Ntotal = (y@ / @,Ar)? = Ay@ 

@@@ pixels). 
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Recalage de l’atlas. Afin d'identifier les différentes voies de la moelle épinière, la version 

numérique (x@xx@xy@@μmr) de l'atlas de l'anatomie de Gray (Gray et al., ?@@y) qui fait 

partie de la boîte à outils de la moelle épinière (SCT) (De Leener et al, ?@Aw;. Lévy et al. , 

?@Ay) a été recalée en utilisant une déformation élastique vers la version à y@ µm sous-

échantillonné de l'histologie. Pour chaque échantillon, le niveau spinal correspondant (ou 

légèrement décalé lors de multiples tranches ont été extraites au même niveau) de l'atlas a 

été extraite et recalée en deux étapes: une première transformation affine basée sur des 

points de contrôle sélectionnés manuellement (cpselect et fitgeotrans fonctions disponibles 

dans la boîte à outils de traitement d'image Matlab), et une transformation élastique 

difféomorphes (SYN) estimées sur les masques tirés manuellement de la moelle épinière 

avec trois valeurs pour la matière grise, blanche et le fond noir (commande 

sct_register_multimodal de la boîte à outils de la moelle épinière SCT, métriques « 

moindres carrés ») ( Avants et al, ?@AA;. De Leener et al, ?@Aw). La transformation élastique 

(régularisé avec B-splines, BsplineSyN) a été divisée en deux étapes : une première 

transformation des déformations « douces » (à savoir globaux) et une seconde 

transformation permettant des déformations plus locales. La Figure d.Q montre un exemple 

de recalage. 

 

Figure d.Q: Recalage de l'atlas (en bas à droite) vers l'histologie ( « histo »). Le 

recalage a été estimé sur la base des masques de la matière blanche et grise de 

l'atlas (source) et histologie (destination). Plusieurs étapes ont été utilisées: affines, 

et de multiples déformations non linéaires régularisés avec BSplines (bspline-syn). 
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La transformation inverse (de histo?atlas) utilise uniquement la déformation 

douce afin de maintenir la forme de la structure interne intacte. 

Création du modèle. Les cartes sous-échantillonnées ont été ensuite recalées au modèle 

PAMy@ de la moelle épinière (modèle IRM) (De Leener et al., ?@AB). Pour cette 

transformation (histologie à l'espace de modèle), l'étape de déformation locale n'a pas été 

inclus dans le but de préserver la forme des structures internes (par exemple de la matière 

grise). Les niveaux manquants ont été remplis par recalage et interpolation des plus proches 

tranches disponibles. Les tranches supérieures et inférieures les plus proches ont d'abord 

été recalées aux niveaux manquants en utilisant les masques de la substance blanche, la 

moyenne pondérée par la distance a été utilisé. En raison du petit nombre de tranches au 

niveau thoracique, le modèle a été généré pour la partie cervicale complète seulement. 

d.8.T Statistiques 

L'atlas de la moelle épinière, recalées dans l'espace histologie sous-échantillonnée, a été 

utilisé pour mesurer la morphologie des axones dans chaque voie spinale. La corrélation 

entre les tranches a été calculé en utilisant la corrélation de Pearson. La différence maximale 

de latéralité a été évaluée en utilisant le coefficient de reproductibilité (A,zw fois l'écart-type 

des différences), et un test t apparié a permit de tester les différences significatives.  

Résultats 

d.8.[ Imagerie de la moelle entière 

Tous les niveaux du cervicaux (sauf Cx), quatre thoraciques et six parties lombaires ont été 

imagées en mosaïque, recollées et segmentés (voir Figure d.T). Quelques échantillons ont 

souffert d'une mauvaise pénétration de l'osmium (points noirs indiqués par une flèche 

blanche). Qualitativement, la segmentation est apparue symétrique et cohérente entre les 

différentes tranches. L'intensité du signal est uniforme pour la plupart des niveaux, à 

l'exception L?A et LrA, probablement en raison d'une mauvaise calibration de la position 
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du faisceau d'électrons. La forme de la matière grise a montré une bonne correspondance 

avec l'atlas anatomique de Gray (Figure d.T, à gauche). 

 

 

Figure d.T: Images MEB de moelle entières (recollées), acquises à une résolution 

allant jusqu'à A?z nm (à droite), et segmentées (code couleur pour diamètre 

axonal) en utilisant AxonSeg. La forme de la moelle épinière et de la matière grise 

correspond correctement à l'anatomie du Grays (Gray et al., ?@@y). 
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d.8.\ Morphologie axonale dans des petites régions 

La qualité de l'image et la segmentation a également été évaluée qualitativement dans 

quelques régions de ?@@x?@@ µm? à haute résolution. Les gaines de myéline étaient 

clairement identifiables avec des frontières nettes (Figure d.[.b). La grande majorité des 

axones ont été détectés (Figure d.[.c). En utilisant la segmentation manuelle comme vérité 

terrain, nous avons évalué les performances de segmentation automatique. Nous avons 

trouvé une sensibilité de xB% et une précision de Bx%. La segmentation de la myéline était 

qualitativement précise.  

 

Figure d.[: Extraction de l'information microstructurale. Suite à la détection de 

l'axone (c) et de la segmentation de la myéline (d) des images MEB (b), les coupes 

complètes (a) sont sous-échantillonnées en petits pixels de A@@xA@@μm?, où 

l'information morphologique est extraite (indiquée sur la droite). 

 

  



?A? 

 

Nous avons observé une densité axonale beaucoup plus grande dans le proprius fasciculus 

(boîtes bleues dans la Figure d.\) que dans les régions graciles (boîtes vertes). De nombreux 

axones plus grands étaient présents dans le tractus corticospinale (boîtes rouges) que dans 

le gracile. 

 

Figure d.\: images MEB de la moelle épinière dans trois régions différentes 

(rouge, vert et bleu), à trois niveaux différents de la colonne vertébrale (Cr, Tz et 

LA). Les axones myélinisés peuvent être facilement distingués sur les images MEB.  
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La distribution de la morphologie axonale a été analysé dans de petites régions (Figure d.a). 

Plusieurs fonctions de probabilité ont été ajustées sur l'histogramme des diamètres en 

utilisant la fonction allfitdist12. La distribution de probabilité "valeur extrême généralisée" a 

été trouvée comme étant celle qui décrit le mieux l'histogramme avec trois paramètres 

(forme k, emplacement μ et mise à l'échelle σ). Avec seulement deux paramètres 

(emplacement μ et mise à l'échelle σ), la distribution lognormale était la meilleur. La 

fonction de densité de probabilité du diamètre de l'axone (pdf) a ensuite été pondérée par 

la surface de l'axone (π (d / ?) ?) afin d'obtenir la fonction de densité volumique de fibres 

(Figure d.a, tracés du milieu). Dans toutes les régions étudiées (spinocérébellar, gracilis et 

faisceau cortico-spinal dans la tranche CyB), la densité volumique de fibres la plus élevée 

est atteinte à ?.?μm (à savoir cette population de fibres occupent un grand espace). Le g-

ratio augmente en fonction du diamètre, avec un comportement similaire dans les 

différentes régions. Fait intéressant, la g-ratio révèle deux groupes de fibres : les petits 

axones à gaine mince de myéline et des axones de taille variable avec une large gamme 

d'épaisseur de la myéline. Les valeurs de rapport de g-ratio moyen étaient particulièrement 

faible (environ @,y) et uniforme dans l'espace, ce qui indique une surestimation constante 

de l'épaisseur de la myéline (voir la discussion pour plus de détails). 

 

  

                                                

12https://www.mathworks.com/matlabcentral/fileexchange/rnznr-fit-all-valid-parametric-probability-
distributions-to-data?focused=y??xwxw&tab=function 
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Figure d.a: Morphologie axonale en fonction du diamètre axonal dans trois 

régions de Amm? (code couleur en rouge pour spinocérébellar, vert et bleu pour 

gracilis pour faisceau cortico-spinal) de l'échantillon CyB. Tracés de gauche. La 

distribution des diamètres axonal ajustées en utilisant de multiples fonctions de 

probabilité (limite de résolution a été estimée à environ A µm, voir Figure d.7a). 

Milieu. Tracés de la densité volumique de fibres en fonction du diamètre axonal. 

Tracés de droite. g-Ratio en fonction du diamètre axonal. 
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d.8.a Cartes de la microstructure 

Les cartes de microstructures (voir la Figure d.d) ont été obtenus par sous-échantillonnage 

de l'histologie segmentée à une résolution de A@@xA@@μm?. Les cartes obtenues sont 

cohérentes entre les différentes tranches et étaient symétriques. Bien que certaines 

corrélations ont pu être observées entre les différentes cartes (par exemple le diamètre et la 

densité des axones axonal corrélation dans la région dorsale), la corrélation a été limitée à 

quelques secteurs, ce qui suggère fortement que les informations sont complémentaires. 

La mesure du diamètre de l'axone a été divisé en trois cartes de densité (A-nμm, n-xμm et 

x-A?μm, et rapportée en nombre d'axones dans une fenêtre A@@xA@@μm?). Cette subdivision 

révèle clairement la présence des grands axones proprioceptives du cunéatus (Niu et al. 

?@Ar) et les voies spinocerebellar. Les axones de plus de x um n'ont été détectés que dans la 

voie spinocerebellar. 

Les cartes d'excentricité axonal représentent une combinaison de deux effets : coupe non 

parfaitement perpendiculaire par rapport à l'orientation de l'axone (et donc une 

informations sur la troisième dimension) et compression axonale. Les carte d'excentricités 

des axones étaient très symétriques, ce qui suggère que le contraste à l'intérieur de la moelle 

épinière est le plus souvent entraînée par de véritables caractéristiques microstructurales 

(à savoir pas de compression ou d'artefacts de coupe). Dans certaines voies (par exemple 

celles des colonnes dorsales), les axones sont plus près de la forme d'un cercle, ce qui 

indique que les axones sont bien droits et parallèle le long de la moelle épinière. Au 

contraire, les axones dans le tractus corticospinal sont plus obliques. 

La matière grise présente une microstructure très différente de la matière blanche en termes 

de densité et d'orientation axonale. Parce que le logiciel de segmentation et la méthode de 

correction ont été entraînés sur les régions de la matière blanche, l'exactitude des mesures 

est dégradée. Cependant, une comparaison avec une segmentation manuelle révèle un 

échec non catastrophique de la segmentation dans la matière grise avec une sensibilité de 

ww%, une précision de wn%, et une erreur moyenne inférieure à ?y% pour la plupart des 
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mesures, mais B@-x@% surévaluation pour la carte de densité n-xμm et la carte de densité 

de fibres. Voir un exemple de segmentation dans la matière grise dans la Figure d.7[. 

 

Figure d.d: Les cartes de microstructure axonale. Le diamètre moyen des axones 

(première colonne), la densité de A-nμm (nombre d'axones par pixel de A@@μm?) 

(deuxième colonne), de n-xμm (troisième colonne), de x-A?μm (quatrième 

colonne), la densité des fibres (axones plus myéline) (cinquième colonne), et 

l'excentricité moyenne axonale (sixième colonne) dans des pixels de A@@xA@@μm à 

différents niveaux de la colonne vertébrale (lignes). Ces cartes peuvent être 
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comparés avec le dessin manuel de cytoarchitecture extrait de (Nieuwenhuys et al., 

?@@B) (à gauche). 

d.8.d Analyse basée sur l'atlas 

La morphologie axonale a ensuite été extraite par voies en utilisant un procédé de recalage 

d'atlas (Figure d.Q). Nous avons étudié la variation de la morphologie des axones par 

rapport aux voies de la moelle épinière, par rapport au niveau de la colonne vertébrale et 

par rapport au côté droite ou gauche. 

d.8.d.7 Variation inter-voie spinale 

Dans la section de la matière blanche du niveau CyB (Figure d.e), le diamètre moyen des 

axones variait de ?,y µm dans le tube gracile à r.n μm dans le tractus spinocerebellar. La 

densité axonale se situait entre n@% dans le tube gracile et y@% dans le tractus spino-

olivaire. 
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Figure d.e: analyse basée sur l'atlas de la Figure d.Q (s'y référer pour le nom des 

voies spinales). L'atlas de la substance blanche de la moelle épinière, construit à 

partir de l'anatomie de Gray (Gray et al., ?@@y) et disponible dans la boîte à outils 

de la moelle épinière SCT (Lévy et al., ?@Ay), a été recallé sur les coupes 

histologiques afin d'extraire la morphologie axonale dans les différentes voies 

spinales. La répartition des diamètres moyen des axones (rangée du milieu) et la 

fraction volumique des fibres (rangée du bas) au sein du même voie spinale (code 

couleur) a été tracée. Les médianes (lignes rouges), avec l'intervalle de confiance 

de zy% (lignes noires) montrent que chaque tube présente des microstructures 

caractéristiques. La plupart des régions présentes des microstructures assez 

homogènes comme le montrent leur distribution étroite. 
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Les valeurs extraites dans les plus grands tractus (numérotés de A à w sur la Figure d.e) sont 

consistantes entre les différents niveaux cervicaux C? à CB. Dans ces tranches, la matrice de 

corrélation de Pearson était de @,xw, @,wx, @,B?, en moyenne pour le diamètre de l'axone, 

la fraction volumique de la myéline et la densité des axones respectivement. Les autres 

sections de moelles sont moins consistantes, ce qui est dû soit à des modifications de 

microstructure, soit à des déformations de l'atlas plus grandes (la forme de la matière grise 

change rapidement à CA). La Figure d.7R illustre la cohérence entre les tranches. 

 

Figure d.7R: Cohérence de l'analyse basée sur un atlas à travers les différentes 

coupes de moelles (en utilisant les plus grands tractus, numérotés de A à w sur la 

Figure d.e). La plupart des tranches du cervical sont fortement cohérents (r> @,x) 

entre eux (par exemple Cr versus C? à la ligne du haut). Cependant, CA et les 

niveaux thoraciques étaient moins consistants (par exemple Cy versus CA à la 

rangée du bas), notamment en raison de la déformation de l'atlas particulièrement 

forte. 
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d.8.d.8 Effet du niveau de la colonne vertébrale 

La position de la tranche a été définie dans les coordonnées du modèle de la moelle épinière. 

Les mesures morphologiques ont été moyennées dans la matière blanche et tracés en 

fonction de la position de la tranche (voir Figure d.77). Les valeurs étaient consistantes 

entre les tranches et une spline de lissage a été ajustée pour mettre en évidence les 

tendances. Le nombre d'axones augmente de façon monotone à mesure que nous montons 

rostralement jusqu'à environ Cr, ce qui correspond à l'arrivée de nouveaux axones afférents 

à chaque niveau de la colonne vertébrale. Cette augmentation du nombre de fibres (Figure 

d.77, e.) est en corrélation avec l'élargissement (a.) de la moelle épinière (r = @,z, p = A@-B), 

plus qu'il est en corrélation avec la densité des fibres (b.). (r = @,y, p = A@-?). La surface en 

coupe transversale de la moelle épinière (A) est également corrélé de manière significative 

avec le diamètre moyen (c.) Des fibres (r = @,B, p = A@-n). Le contenu de la myéline (d.) Le 

long de la moelle épinière a été relativement constant, avec une différence de seulement r% 

entre la partie lombaire (moyenne de ?@%) et la parties cervicale (?r%). 

Le diamètre des axones, la densité des fibres et la teneur en myéline présentent des valeurs 

maximales entre Cn et TB. Tn est une valeur aberrante en raison de la mauvaise mise au 

point lors de l'acquisition MEB (voir la discussion).    
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Figure d.77: Evolution de la morphologie axonale le long de la moelle épinière. Les 

propriétés morphologiques ont été moyennées dans la matière blanche pour 

chaque échantillon (points bleus), et une fonction de lissage (ligne rouge) a été 

ajustée pour la visualisation des tendances. 

d.8.d.Q Effet de latéralité 

La microstructure de la moelle épinière a été jugée remarquablement symétrique (voir 

Figure d.78). Nous avons trouvé une différence moyenne entre les voies gauche et droite 

de la moelle épinière de @,@A µm pour le diamètre axonale, A% pour la densité axonale et 

@,n% pour le contenu de la myéline. Par conséquent, le fait d'être droitier ou gaucher a très 

peu d'impact sur la morphologie axonale. 
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Figure d.78: Comparaison de la morphologie axonale dans la partie gauche et 

droite. Les différences de morphologie axonale entre voies gauche et droite sont 

très limitées : pour le diamètre axonale @,@A um, A% pour la densité axonale, et 

@,n% pour le contenu de la myéline. 
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d.Q.7 Modèle de microstructure 

Les cartes de microstructure ont été enregistrées dans le modèle de la moelle épinière afin 

de générer le premier modèle de microstructure de la moelle épinière cervicale humaine 

(voir Figure d.7Q). La combinaison du recalage et de l'interpolation non élastique a conduit 

à des transitions relativement douces entre les tranches adjacentes. Bien que visuellement 

pas parfait, le recalage a réussi à déplacer la fissure médiane des différentes tranches vers le 

centre. Le modèle couvre en CA à Cx. 

 

Figure d.7Q: Modèle de la microstructure de la moelle épinière. Coronale (en haut) 

et vue axiale (en bas) du modèle généré. Les coupes histologiques ont été recalées 

au niveau des vertèbres correspondantes, puis interpolées entre des coupes à l'aide 

de déformations non-linéaires. Le modèle résultant présente des transitions en 

douceur entre les tranches.  
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d.T Discussion 

Dans ce travail, nous avons combiné l'histologie entier de coupe de moelle à haute 

résolution et un logiciel de segmentation automatique pour produire les premières cartes 

microstructurales de la moelle épinière humaine. Alors que la moelle épinière est très 

symétrique, les différentes voies spinales présentent des caractéristiques distinctes de 

microstructures. 

d.T.7 Interprétation 

Pourquoi est-ce que nous observons une grande variation du diamètre de l’axone ? 

Une question qui se pose immédiatement est de savoir pourquoi on observe de telles 

variations de microstructure entre les différentes régions de la moelle épinière ? Par 

exemple, les diamètres des axones ont été observés à varier entre @,A et A@ um (Perge et al., 

?@A?). En utilisant des modèles bioélectriques et des montages expérimentaux, il peut être 

démontré que, dans les axones myélinisés, la vitesse de propagation et la fréquence de 

décharge est proportionnelle au diamètre de l'axone (d) (Plonsey et Barr, ?@@B); tandis que 

la consommation d'énergie et le volume de la fibre est proportionnelle à d? (Perge et al., 

?@A?). La présence de grands axones dans le système nerveux central se fait au détriment 

de l'efficacité énergétique et de l'espace, et doit être compensé par des avantages 

importants. La nécessité d'une plus rapide propagation dans le système nerveux 

périphérique peut être apprécié en termes de l'avantage acquis par des réflexes plus rapides 

(par exemple axone géant de calmar), ou pour assurer la synchronisation des impulsions 

nerveuses qui proviennent d'organes situés à différentes distances du cerveau. Cependant, 

la nécessité d'une propagation plus rapide ne peut pas expliquer en général la présence de 

grandes axones myélinisés dans le système nerveux central (SNC) pour plusieurs raisons: 

(i) le diamètre des axones n'est pas proportionnel avec la taille des animaux (Lassek et 

Rasmussen, Azn@, Plus et al. , ?@A@), (ii) il n'existe aucune corrélation entre la longueur et 

le diamètre axonal dans le nerf optique (Perge et al., ?@@z), (iii) le diamètre de l'axone dans 

la moelle épinière augmente rostralement (voir Figure d.77). Par conséquent, la seconde 

hypothèse, qui considère la fréquence des impulsions comme la principale raison de la 
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présence d'axones de plus grande taille dans le système nerveux central, semble plus 

probable (Perge et al., ?@A?). Des études de électromyographie des axones reliés à la moelle 

épinière montrent une variété de fréquences et de comportements des impulsions 

nerveuses (soit en brefs éclats ou en feu continu) (Evarts, Azwy;. Rossignol et al, ?@@?), et 

donc des informations très diverses. Les informations les plus complexes qui nécessite une 

bande passante plus élevée sont transmise « non filtrée » à travers les plus grands axones. 

A l'inverse, les informations simples sont transmises par les petits axones pour plus 

d'efficacité. Cette relation entre le calibre et la complexité de l'information est 

magnifiquement illustrée par la comparaison des axones proprioceptives et 

mécanorécepteurs de la colonne dorsale (Niu et al., ?@Ar). En effet, ces axones sensoriels 

afférents possèdent un calibre différent, ce qui crée le contraste entre le gracile et le 

cunéatus (voir les cartes de diamètre axone de la Figure d.d): les axones mécanoréceptifs 

qui transmettent de simple mais nombreuses informations au cerveau ont une surface en 

coupe transversale inférieure à yμm? (z@ème percentile); tandis que les axones 

proprioceptives qui intègrent des informations globales et complexes sont plus grandes que 

yμm? (ye percentile). Sur la base de cette hypothèse, les cartes de diamètres présentées 

dans ce manuscrit révèlent une organisation fonctionnelle des axones.  

d.T.8 Limitations de la méthode 

La méthode proposée dans le présent document fait face à de nombreux défis dont les 

lecteurs doivent être conscients pour éviter une sur-interprétation des résultats. Les 

sections suivantes sont donc consacrées aux limites de la méthode. 

d.T.8.7 Préparation du tissue 

Le premier défi dans toutes les études histologiques sur les tissus post-mortem est la 

préservation du tissu et notamment l'intégrité de la myéline. Dans ce travail, une procédure 

de fixation relativement standard a été utilisé (post-fixation par immersion en utilisant un 

mélange de glutaraldéhyde et le paraformaldehyde). Divers concentration de 

glutaraldéhyde (@,y-n%) peuvent être trouvées dans la littérature (Biedenbach et al, Azxw;. 

Firmin et al, ?@An;. Ralston et al., AzxB). En raison de l'incertitude sur l'impact de cette 
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concentration sur la morphologie axonale, nous avons décidé d'utiliser trois concentrations 

(@, @,y et ?%). Aucune différence n'a pu être trouvée notamment entre les trois fixateurs à 

la résolution de l'imagerie, comme le montre la Figure d.77. 

En ce qui concerne la procédure de coloration, quelques tranches présentent quelques 

points avec une mauvaise coloration de l'osmium (voir la Figure d.T, les flèches blanches). 

En effet, l'osmium pénètre par seulement quelques centaines de microns (Hua et al., ?@Ay) 

ce qui rend difficile d'assurer une bonne coloration uniforme sur ces grands échantillons. 

Ces taches sont le résultat de la présence, dans certains cas, des bulles d'air dans la résine 

époxy et par le fait que la surface n'a pas été parfaitement aplatie. Afin d'éviter le polissage 

aller plus loin que quelques centaines de microns, la surface a été exposée en coupant à 

différents angles. Une autre stratégie serait d'améliorer la pénétration de l'osmium en 

utilisant des protocoles récemment publiés (Hua et al, ?@Ay;. Mikula et Denk, ?@Ay). 

d.T.8.8 Limitation de l'imagerie 

Z.b.S.S.J Imagerie SD 

Dans ce travail, des images ?D de la moelle épinière ont été obtenus, et nous avons supposé 

les axones relativement droites et parallèles à la moelle épinière. Les images ?D ont été 

interpolées afin de produire le modèle rD. Bien que quelques informations sur la troisième 

dimension puissent être obtenue en se basant sur la forme des axones en supposant que les 

formes elliptiques obliques correspondent à des axones, la compression axonale est un 

facteur de confusion qui ne peuvent pas être séparés. La carte excentricité des axones 

étaient très symétriques, ce qui suggère que le contraste à l'intérieur de la moelle épinière 

révèle des informations microstructurale (par opposition à la compression, au cisaillement 

ou aux artefacts de découpage qui se traduiraient par des contrastes locaux ou 

asymétriques). Cependant, la compression axonale ne peut être négligée.  

En ce qui concerne la surestimation du diamètre de l'axone pour les axones obliques, ce 

biais peut être formulé (en supposant que les axones sont des cylindres parfaits) comme 

suit. Tout d'abord, l'excentricité e de l'ellipse obtenue par la coupe de l'axone est une 
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fonction de l'angle θ de l'axone (Kenna, Azyz), et en fonction du demi-axe majeur (a) et 

mineur (b) de l’ellipse : 

# = E¥û(ƒ) = 1 −
{U

æU
 

D'autre part, le diamètre équivalent d (métrique rapporté dans ce manuscrit) d'une ellipse 

est :  

$	 = 	2 ríDéä/a = 2 æ{ 

Enfin, le diamètre équivalent d 'un axone oblique surestime le véritable diamètre de 

l'axone (= ?b) par : #""∞"(%) 	= 	100.
óLUz

Uz
=

o

(oLïMäw(∆))y/«
− 1. On peut observer sur la 

Figure d.7T que cette surestimation est supérieure à y@% pour les axones ayant un angle 

de w@ ° ou plus avec l'axe de la moelle. Notez que AxonSeg filtre les axones fortement 

obliques (> Br ° en supposant que l'axone est parfaitement cylindrique) en utilisant le 

rapport du petit sur le grand axe de l'ellipse. 

 
Figure d.7T: Axon equivalent diameter overestimates the true axon diameter for 

axons that are not running along the spinal cord main axis. Oblique axons are 

filtered by AxonSeg based on the minor over major axis ratio of the axon to 

prevent dramatic failure. 

Z.b.S.S.S Coloration 

La méthode présentée se limitait à la coloration par osmium de la myéline. Les axones non 

myélinisés et les cellules gliales ne pouvaient donc pas être distingués dans nos images. Ces 
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structures peuvent être vues à basse tension (Mikula et Denk, ?@Ay), mais ceci aurait donné 

lieu à un signal plus faible rapport de bruit et des logiciels de segmentation plus avancés 

devraient être mis au point. 

d.T.8.Q Matière grise 

Bien que AxonSeg a été entraîné et conçu pour les régions de la matière blanche, on ne 

constate pas une défaillance catastrophique par rapport à la segmentation manuelle (voir 

Figure d.7[). Dans la matière grise, nous avons trouvé une sensibilité de ww%, une précision 

de wn%, et moins de r@% d'erreur pour la plupart des métriques (diamètre axonale, 

l'excentricité, le nombre d'axones), mais aussi une surévaluation de B@-x@% des grands (n-

xμm) axones et de la densité des fibres. Notez que AxonSeg est aveugle aux fibres 

perpendiculaires à la moelle, mais ces fibres sont qualitativement très peu nombreuses.  

 

Figure d.7[: la performance AxonSeg dans la matière grise. Similaire à la Figure 

x.y, mais dans une région de la matière grise. 
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d.[ Conclusion 

Nous présentons le premier modèle microstructural de la moelle épinière humaine basée 

sur l'histologie, recalée sur le modèle IRM de la moelle épinière PAMy@. Pour générer ce 

modèle, nous avons développé une méthode qui comprend la microscopie électronique à 

large champ de vue, la segmentation automatique des axones et le recalage des coupes 

histologiques. Le modèle peut être utilisé pour valider les modèles biophysiques ou des 

modalités d'imagerie qui décrivent la microstructure. 
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d.a Matériel supplémentaire 

d.a.7 S7 : Correction des valeurs aberrantes de l’algorithme de collage 

Bien que puissant, l'algorithme de collage a échoué dans quelques cas, notamment pour les 

images contenant un fond sombre. Ce problème a été corrigé par la modélisation du 

déplacement de phase en tant que deux décalages constants : 

 

avec row=[J S … Nrow]
T et col=[J S … Ncol]

T l'indice de mosaïques; Xstage et Ystage les 

coordonnées spatiales (en pixels) du coin supérieur gauche de chaque image; a, b, c et d 

des constantes inconnues. 

Sur la base des valeurs de Xstage et Ystage fournies par l'algorithme de collage, a, b, c et d 

ont été estimées (solution de pseudo-inverse). Les valeurs aberrantes ont été définies 

comme les coordonnées qui diffèrent de plus de r fois l'écart médian absolu. Figure d.7\ 

illustre l'algorithme de détection d'observations aberrantes.  

 

Figure d.7\: Correction d’outliers de l'algorithme de collage de mosaïques. 

Mosaïque poste (des croix bleues), estimée à l'aide de l'algorithme de couture, a été 

trouvé pour être disposé dans une grille oblique (polarisation constante dans X et 
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Y). Sur la base de cette hypothèse, les valeurs aberrantes peuvent être détectés 

(points rouges) et corrigés (croix verte). 

d.a.8 S8 : Correction de AxonSeg 

Deux méthodes ont été utilisées afin de corriger le biais des mesures morphométriques. La 

première méthode a été utilisée pour corriger la densité des axones et le contenu de la 

myéline par un ajustement linéaire. La deuxième méthode a été utilisée pour corriger le 

diamètre de l'axone et le numéro axone en utilisant une correction d'histogramme. La 

correction a été effectuée en faisant la formation de an sur une région segmentée 

manuellement (région A) et la compare à l'image AxonSeg au même endroit. Les statistiques 

corrigées obtenues ont été montées, puis cet ajustement a été ensuite appliqué à une 

seconde région sur l'image AxonSeg (région ?). Cela a été ensuite validé par le Groundtruth 

de cette région pour faire en sorte que les résultats étaient corrects. Ce champ de la région 

de vue était Ax@.ymm? et contenait yArr axones. Le pipeline utilisé pour chaque procédé 

peut être vu dans la figure ci-dessous S?.   
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Figure d.7a: Pipeline de correction AxonSeg en utilisant deux méthodes distinctes 

pour différentes mesures.   

Comme il est mentionné dans la section de traitement d'image, la limite de résolution a été 

jugée comme le logiciel de A pm AxonSeg serait positif pour la plupart des segments faux 

dans cette gamme de diamètre. En outre, de faire cette correction statistique, il a été observé 

(comme le montre la figure B) du Groundtruth qu'il y avait beaucoup axones plus petits que 

Aµm qui ne sont pas segmentée (faux négatifs).  

La Figure d.7d ci-dessous montre une comparaison des statistiques corrigées avec le 

Groundtruth en utilisant des parcelles-Altman fade. Cela a été calculé en utilisant un 

intervalle de confiance de zy% (A,zw * ecart-type).     
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Figure d.7d: Les parcelles Bland-Altman comparant la segmentation AxonSeg 

(après correction) avec la segmentation manuelle. La première courbe représente 

la corrélation linéaire tandis que la seconde courbe représente l'accord entre la 

Groundtruth et la segmentation. Le RPC est le coefficient de reproductibilité avec 

le pourcentage de la valeur à côté. Le CV est le coefficient de variation, qui est 

essentiellement l'écart-type des valeurs moyennes pour cent en forme.   
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CHAPITRE e TRANSLATION CLINIQUE 

e.7 \RR mT/m par rapport au protocole optimisé dR mT/m 

La méthode AxCaliber (Assaf et al., ?@@x) se caractérise par l’utilisation d'une seule 

direction d’encodage de diffusion (perpendiculaire aux faisceaux de fibres neuronales) mais 

avec un échantillonnage fin de la force du gradient |G| et du temps de diffusion Δ. Nous 

avons montré que cette méthode peut être appliquée in vivo dans la moelle épinière 

humaine à r@@mT/m (Duval et al., ?@Ay). Malheureusement, les systèmes cliniques les plus 

puissants n'offrent que w@-x@ mT / m dans chaque direction (c'est-à-dire xy-AAr mT / m si 

l'on utilise deux gradients), et pour la plupart des techniques d’IRM de diffusion qui étudies 

la microstructure, cela a pour conséquence d’obtenir des mesures moins précises et moins 

exactes (Ferizi et al., ?@Ay; Huang et al., ?@Ay). Dans ce travail nous avons donc voulu (i) 

trouver le meilleur protocole AxCaliber à x@mT / m et (ii) quantifier le biais dans la 

métrique estimée. 

e.7.7 Méthodes 

L'optimisation du protocole utilise l'équation analytique du modèle CHARMED (Assaf et 

al., ?@@y). La direction d’encodage étant fixe (perpendiculaire au fibres nerveuses), les trois 

paramètres d'acquisition à optimiser sont δ, Δ et Gmax. Le processus d'optimisation tentera 

de maximiser la robustesse au bruit afin d'obtenir des valeurs plus précises. L'idée est de 

maximiser la dérivée du signal pondéré par diffusion en fonction des paramètres 

microstructuraux que nous essayons de mesurer (par exemple le diamètre axonal), de sorte 

qu'un petit changement de signal (par exemple dû au bruit thermique) ait peu d'impact sur 

ces paramètres, et en retour une petite différence de microstructure conduit à un 

changement de signal significatif. 

e.7.7.7 Optimisation du protocole 

Le protocole a été optimisé suivant la méthode proposé par (Alexander, ?@@x) : l'algorithme 

d’optimisation numérique SOMA (en mode « adaptatif tous-vers-un », population initiale 
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de A@@ protocoles, r@@ volumes par protocole, A@@@ itérations) (Zelinka, ?@@n) a été utilisé. 

La fonction objective est la borne inférieure de Cramer-Rao (CRLB) du modèle. 

L’optimisation assume un tissue particulier (i.e. avec une combinaison particulière de 

paramètres microstructuraux et physiques) : S@ = A, T? = B@ms, fr = @.y, d = yμm, Dh = 

@.?μm?/ms et les contraintes d'acquisition suivantes : Gmax = x@ mT/m, δ > rms, Δ + δ + 

ABms = TE < x@ms et Δ > δ + Bms. Le bruit est considéré Gaussian, avec un rapport signal 

sur bruit (SNR) à b=@ et TE=B@ms de y@. 

Un algorithme de kmeans a ensuite été appliqué sur le protocole optimal pour extraire 

seulement A@ combinaisons de Δ et δ. Cette optimisation SOMA a produit un protocole 

d’IRM de diffusion de r@@ volumes. 

e.7.7.8 Expérimentation IRM 

Une moelle épinière de chat, perfusée et post-fixée avec n% de PFA a été scannée sur un 

scanner IRM BT Agilent, situé à l'Institut de cardiologie de Montréal, avec une séquence 

spin-écho EPI. Les gradients de diffusion ont été appliqués dans la direction de lecture, 

celle-ci étant perpendiculaire à la moelle épinière. Les paramètres d’acquisition suivant ont 

été utilisés : matrice wnxwnxr, TE minimisée, résolution @,Awx@,Awx?mm, SNR = ry dans la 

substance blanche à TE = yyms. L'espace (Δ, δ, G) a été échantillonné de trois manières 

différentes (voir Figure z.?.a): (A) Gmax = w@@mT / m, ?@n volumes, Δ = ?@,ry,n@ms, δ = 

xms; (?) Gmax = x@mT / m, Ar?w volumes, ?y combinaisons de Δ / δ échantillonnées sur 

une grille; (r) Solution de l'optimisation SOMA (Gmax = x@mT / m, r@@ volumes). 

e.7.7.Q Ajustement de courbe 

Les données ont été analysées avec qMRLab en utilisant (i) le modèle complet ou (ii) en 

négligeant la diffusion radiale du compartiment restreint (i.e. Srestricted = A, ou d=@µm) (ce 

qui est valable pour de petites valeurs b). 

e.7.7.T Statistiques 

Simulation. Une analyse de la précision des mesures par approche Monte Carlo a été réalisée 

pour valider l'optimisation du protocole et étudier la précision de la métrique fr pour les 
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trois protocoles à différents SNR (y,A@,?@,r@,n@ à TE = B@ms). En utilisant l'équation du 

modèle, ?@@ jeux de données bruités ont été simulés puis analysées pour chaque 

configuration de SNR et de protocole. 

Expériences IRM. Le protocole acquis avec Gmax = w@@ mT/m a été utilisé comme vérité 

terrain. Le coefficient de corrélation et la régression linéaire avec cette vérité terrain ont été 

calculés pour la métrique fr obtenue en utilisant le (i) protocole optimisé, (ii) le protocole 

de Ar?w volumes au complet et (iii) A@ sous-ensembles aléatoires (r@@ volumes sur Ar?w). 

e.7.8 Résultats 

e.7.8.7 Simulation 

La Figure z.Aa montre la convergence du CRLB en utilisant l'optimisation SOMA. 

L'algorithme SOMA converge correctement vers un minimum de la CRLB. La figure z.Ab 

valide la conception du protocole optimisé en montrant la meilleure robustesse au bruit de 

la métrique fr en termes de précision et d’exactitude. Ainsi à SNR = n@, comparé à une 

configuration aléatoire de même durée (r@@ volumes), l’écart type de fr passe de @.A? à @.@y, 

et la déviation de @.@w à @.@?. Malgré l’optimisation, le protocole à haut gradient (Gmax = 

w@@ mT/m) permet toujours d’avoir la meilleure performance avec un écart type de @.@@B 

et une déviation de - r.A@-y. 
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Figure e.7: Résultats de l'optimisation SOMA. Gauche. Convergence du CRLB pour 

le protocole optimisé. Droite. Écart-type et erreur sur ?@@ simulations pour 

différents SNR. 

 

e.7.8.8 Expériences IRM 

La Figure z.?b montre, qualitativement, que le modèle peut être correctement ajusté pour 

tous les jeux de données. La figure z.?c montre les cartes des métriques fr et d (axon 

diameter index) pour les trois protocoles différents. Les cartes de w@@ mT/m présentent un 

bon rapport de contraste au bruit (CNR) suggérant une bonne précision des mesures. 

Comme prévu, à un plus faible gradient, le diamètre des axones n'a pas pu être ajusté avec 

précision. Fixer Srestricted = A (Fig ?d) améliore qualitativement la cohérence de la métrique 

fr dans les trois protocoles. De bons coefficients de corrélation (r? = @,Bw) et de faible écart 

(-@,@?w) (voir la figure z.?c) ont été trouvés en comparant la métrique fr optimisée à la 

vérité de terrain (protocole w@@ mT/m). Les A@ sous-ensembles de r@@ volumes aléatoires 

ont tous présenté une corrélation plus faible (r? <@,B). 
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Figure e.8: Comparaison expérimentale des mesures AxCaliber en utilisant des 

protocoles acquis à w@@mT / m (colonne bleue), x@mT / m avec échantillonnage 

en grille de l'espace (| G |, Δ, δ) (colonne rouge) et x@mT / m optimisé (colonne 

verte). a. Visualisation des trois protocoles expérimentaux. b. exemple de fit dans 

un pixel de la matière blanche. c et d. cartes quantitatives avec (c) ou sans (d) 

estimation du diamètre axonal. 
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e.7.Q Conclusion 

La fraction d'eau restreinte (fr) peut être mesurée de manière robuste sur des systèmes 

équipés de gradients de x@ mT/m, avec un faible biais (<r%) par rapport aux systèmes 

équipés de gradients plus élevés. Le CRLB optimise correctement la conception du 

protocole en améliorant la sensibilité aux différences de microstructure (corrélation 

améliorée). Cette étude ouvre la voie à l'utilisation des techniques d'IRM de diffusion 

quantitatives sur des systèmes cliniques pour mesurer les caractéristiques et l’intégrité de 

la microstructure de la moelle épinière in vivo. 
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e.8 Application sur un patient atteint de sclérose en plaques 

La sclérose en plaques (SEP) est une cause majeure de paralysie ou déficience sensorielle 

non-traumatique chez les jeunes adultes (Miller et al., ?@@B). La moelle épinière est 

fréquemment impliquée dans la SEP (Bot and Barkhof, ?@@z ; Tench et al., ?@@y ; Gilmore 

et al., ?@@z) et contribue aux critères diagnostiques de la SEP (McDonald et al., ?@@A). La 

détection des lésions dans la moelle épinière améliore non seulement la certitude des 

diagnostiques de la SEP (Thorpe et al., Azzw ; Agosta et al. ?@@B ; Lycklama et al. ?@@r ; 

Simon, ?@@@), mais fournit également des informations supplémentaires sur les différents 

phénotypes MS et la progression de la maladie, ce qui n’est pas toujours facilement 

observable dans le cerveau (Bot et al. ?@@n). Actuellement, la routine clinique pour la 

détection des lésions est basée sur l'imagerie par résonance magnétique (IRM). Bien que les 

séquences anatomiques standard de l'IRM fournissent déjà une bonne sensibilité pour 

détecter les lésions, ces séquences manquent de spécificité à la pathologie sous-jacente. Par 

exemple, l'étendue relative de la démyélinisation et de la perte axonale dans les lésions 

individuelles est variable. Le développement de marqueurs plus spécifiques pour chaque 

pathologie peut permettre un diagnostic plus précis et précoce et l'évaluation de l'efficacité 

de nouveaux médicaments remyélinisants (Mekhail et al. ?@A?). L’application de l’IRM 

quantitative multimodale, combinant diffusion et densité protonique, a le potentiel 

d'évaluer spécifiquement la dégénérescence axonale et la démyélinisation chez les patients 

atteints de SEP. Pour preuve de concept, trois patients atteints de sclérose en plaques ont 

été scannés avec les protocoles des chapitres y et w sur le scanner Connectom (gradient de 

r@@ mT/m). 

e.8.7 Méthodes 

Le protocole était le même que dans l'article du chapitre y, ainsi que la méthodologie 

(analyse d'image de pointe incluant la correction des artefacts, enregistrement dans l'atlas 

de la boîte à outils de la moelle épinière). La sensibilité à la lésion de la SEP a été évaluée 
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en comparant, à l'aide du test t, les biomarqueurs quantitatifs dans un tract touché par des 

lésions de SEP, par opposition au groupe de sujets sains (N = x). La valeur du tractus touché 

a été extraite en utilisant la méthode d'extraction métrique basée sur l'atlas de la boîte à 

outils de la moelle épinière (Levy et al., ?@Aw). 

e.8.8 Résultats 

Les biomarqueurs quantitatifs sont sensibles aux lésions de SEP avec au moins deux 

biomarqueurs montrant une différence significative (p <@,@y) par rapport au groupe sain. 

Ensemble, ces biomarqueurs sont capables de distinguer les lésions de SEP selon trois 

scénarios différents (voir Figure e.Q). 

• Patient n ° A : réduction à la fois de la teneur en myéline et de la densité axonale, résultant 

en un rapport g normal. Interprétation possible : Inflammation. 

• Patient n ° r : réduction de la densité axonale seulement, entraînant une diminution du 

rapport g. Interprétation possible : myéline perturbée. 

• Patient n ° ? : réduction de la teneur en myéline seulement, entraînant une augmentation 

du g-ratio. Interprétation possible : démyélinisation.  
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Figure e.Q: L'IRM quantitative est sensible aux lésions de SEP et permet de 

distinguer différents phénotypes. Haut. Fraction volumique de myéline (MVF) 

obtenue à partir de MTV. Milieu. Densité axonale obtenue à partir de l'IRM de 

diffusion en utilisant le modèle AxCaliber. Bas. Cartes pondérées par rapport au G 

obtenues en combinant la MVF et la densité axonale. Les flèches rouges mettent en 

évidence des valeurs anormales. 

e.8.Q Conclusions  

Comme indiqué aux chapitres n-y-w, les nouveaux biomarqueurs IRM peuvent fournir des 

valeurs hautement reproductibles sensibles à la microstructure. Nous démontrons 

maintenant que ces biomarqueurs sont également sensibles à la lésion de la SEP et devraient 

aider à l'interprétation de l'intégrité tissulaire sous-jacente, et potentiellement trier les 

patients atteints de SEP dans différents phénotypes. Bien que l’on observe différent 

comportement entre les différentes lésions, une étude plus approfondie du comportement 

(augmentation, diminution, stagnation) de chaque métrique dans différent cas (œdème, 
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démyélination, cicatrice gliale) est nécessaire pour interpréter ces résultats. Une étude sur 

modèle animale de la SEP, avec histologie, pourra apporter des réponses. 

Le protocole est maintenant appliqué longitudinalement sur les patients au laboratoire du 

Dr Klawiter. 
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CHAPITRE 7R DISCUSSION GÉNÉRALE 

Dans cette thèse, nous avons tout d’abord appliqué l’IRM de la microstructure sur des sujets 

humain puis sur des patients avec sclérose en plaques. Nous avons démontré la bonne 

précision et reproductibilité de cette méthode au sein d’un même site et la possibilité de 

l’appliquer sur des scanners cliniques. Cette méthode apporte bien plus d’information qu’un 

scan clinique basé sur un simple contraste. En effet, des centaines d’images sont acquises, 

basées sur des phénomènes physiques variés (e.g. relaxation TA, diffusion), et analysées avec 

les modèles biophysiques pour extraire quelques métriques seulement de la microstructure. 

Une mesure quantitative permet en outre de faire des études scientifiques objectives pour 

tester la performance d’un médicament ou pour améliorer les diagnostiques. 

 

Comment exploiter l’IRM de la microstructure ?  

Tout d’abord, il est nécessaire d’habituer les neurologues à ces cartes IRM quantitatives, en 

les affichant à côté d’un scan clinique avec un contraste fixe. Pour cela, il serait nécessaire 

de travailler en collaboration avec les constructeurs afin d’intégrer nos protocoles et nos 

méthodes de traitement (i.e. SCT, qMRLab) pour un traitement temps réel sur le scanner. 

En parallèle, les informations microstructurales (e.g. densité axonale, g-ratio) extraites 

automatiquement des différents tractus peuvent être traités par analyse discriminante, afin 

de diagnostiquer et pronostiquer les patients automatiquement. 

IRM de la microstructure versus IRM quantitative 

L’IRM quantitative permet d’obtenir des mesures reproductibles entre les scans. L’IRM de 

la microstructure permet d’interpréter ces valeurs et ainsi prédire l’intégrité d’un tissu de 

façon non-invasive. L’IRM quantitative peut être directement utilisé en étude clinique, les 

biomarqueurs IRM quantitatifs n’ont en effet pas besoin d’être interprété pour pouvoir 

classifier, et donc diagnostiquer et pronostiquer les différents phénotypes de sclérose en 

plaques. Les protocoles proposés dans cette thèse (voir chapitres y et w), ainsi que le post-

traitement développé (SCT et qMRLab), peuvent donc d’ores et déjà être appliqué pour des 

études longitudinales (scan IRM à intervalle régulier sur une cohorte de patients). À noter 
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qu’une une simple normalisation des scan (e.g. par une image b=@ en diffusion) permet 

d’obtenir un jeu de donnée quantitatif, et l’utilisation des modèles de microstructure n’est 

donc pas absolument nécessaire. La MRF (Magnetic Resonance Fingerprinting), qui 

propose d’obtenir une série de cartes quantitatives rapidement (e.g. TA, Proton density, 

diffusion coefficient), suscite d’ailleurs beaucoup d’intérêt (ESR, ?@Ay). 

Alors pourquoi donc développer des modèles bio-physiques complexes et des équations 

analytiques du signal IRM ? 

Tout d’abord, les méthodes de classification assument une linéarité des prédicteurs. Dans 

le cas où de nombreux effets se combinent et se compensent (e.g. relaxation TA, densité du 

tissu, taille des fibres, transfert de magnétisation), les méthodes de classification sans 

aucune supervision peuvent être alors sous-performant. La désambiguïsation de ces effets 

non-linéaires par modélisation du signal (e.g. calcul du g-ratio) permet d’améliorer ces 

classifications. 

D’autre part, la modélisation du signal IRM permet d’identifier tout biais potentiel et toute 

source ayant un impact sur le signal. Le biais Ricien, ou les effets de volumes partiel, 

d’orientation des fibres, de dépendance du coefficient de diffusion avec le temps, ont 

notamment été identifiés grâce au développement des modèles. 

Aussi, et comme montré en chapitre z.A, les équations analytiques permettent d’optimiser 

les protocoles IRM, et donc de réduire la durée des scans tout en améliorant la sensibilité à 

l’intégrité de la microstructure. 

Enfin, les méthodes de classification dépendent des données d’entraînement. Un nouveau 

cas qui ne ferait pas parti des données d’entraînement ne pourra pas être correctement 

interprété avec des métriques quantitatives abstraites (e.g. temps de relaxation). 

Ceci étant dit, la modélisation exhaustive de l’ensemble des effets sur le signal IRM est un 

immense défi, comme détaillé dans l’article A du chapitre ?. 
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Validation de l’IRM quantitative 

Concernant la validation de l’IRM de la microstructure qui exploite l’histologie à large 

champ de vue, bien que les résultats obtenus soient riches en information, certaines 

limitations existent. Une grande partie de ces limitations ont été abordées en discussion de 

l’article x et nous allons ici mettre l’accent que sur les points les plus importants. 

  Qualité 

Tout d’abord le g-ratio mesuré avec notre méthode est anormalement faible (surestimation  

de l’épaisseur de la myéline) à cause du flou de l’image d’une part et de la mauvaise 

préservation des axones dans les études ex vivo d’autre part.  

En effet la fonction d’étalement du point (PSF) de la microscopie électronique est 

particulièrement importante à haut voltage lorsque les électrons pénètrent profondément 

dans le tissu. Une comparaison haut (~Ay keV) versus bas (~r keV) permettrait d’évaluer 

l’impact de la PSF sur nos mesures, et potentiellement de corriger les biais. L’utilisation du 

mode « high-magnification » permettrait aussi d’améliorer la PSF, mais cela se traduirait 

par une plus faible profondeur de champ (donc nécessité d’un autofocus) et d’un plus petit 

champ de vue (plus grand nombre de mosaïques). Une comparaison avec la microscopie 

électronique à transmission, considéré comme la vérité terrain de l’observation des axones, 

serait aussi intéressant. Finalement la préparation des tissus (notamment la vitesse de la 

perfusion) peut être améliorée. Le développement d’un système CARS, permettant 

l’imagerie de tissue frais (sans coloration par osmium) peut aussi être envisagé.  

  Histologie SD 

D’autre part les images obtenues sont ?D, et nous n’avons pas d’information directe sur 

l’orientation des fibres notamment. Bien que des méthodes de microscopie existent pour 

imager en rD (e.g. tomographie par cohérence optique), la quantité de donnée à acquérir 

puis traiter rend difficile l’application sur des coupes complètent. Une solution 

intermédiaire serait d’utiliser la microscopie optique conventionnelle, très rapide (~Amin) 

avec des numériseurs de coupes entière, pour imager une série de coupes sagittales et 

coronales afin d’extraire l’orientation des fibres dans ces directions.  
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  Ex vivo 

Une troisième limitation est le fait que l’imagerie IRM et l’histologie ont été faites ex vivo. 

Cela peut changer les propriétés du tissu (e.g. TA, T?, PD, coefficients de diffusion) et ne 

garantit donc pas la validité des modèles in vivo. Une comparaison in vivo versus ex vivo 

serait nécessaire pour démontrer que nous mesurons la même chose dans les deux cas. Une 

autre approche permettant de valider de façon la plus réaliste possible consistera à effectuer 

des scans in vivo juste avant biopsie ou sacrifice, puis de comparer l’histologie et l’IRM in 

vivo.  

À noter aussi que la fixation du tissu lors de l’histologie ex vivo peut biaiser nos mesures de 

densité axonale à cause du rétrécissement globale du tissu. Une comparaison entre le CARS 

sur tissu frais et la microscopie électronique serait nécessaire.  

  



?nz 

 

  

CHAPITRE 77 CONCLUSION ET RECOMMANDATIONS 

Cette thèse s’inscrit donc dans le développement de l’IRM quantitative pour usage clinique. 

Cette recherche s’accompagne tout d’abord de plusieurs retombées technologiques et 

méthodologique : le pipeline de post-traitement pour l’IRM quantitative de la moelle 

épinière, le logiciel libre AxonSeg pour la segmentation automatique des axons et de la 

myéline, et enfin qMRLab pour la simulation, la visualisation et le calcul des métriques 

quantitatives à partir d’images IRM. 

Ces technologies ont permis l’application de l’IRM quantitative sur la moelle épinière 

humaine. Nous avons évalué la précision de ces mesures (scan-rescan <r%), leur exactitude, 

et enfin la sensibilité et la spécificité (comparaison avec l’histologie). Une optimisation du 

protocole de diffusion pour le transfert vers IRM clinique (x@mT/m en XY) a été effectuée 

et ce protocole a été testé ex vivo : Les métriques quantitatives, sauf diamètre axonal, 

peuvent se mesurer sans biais particulier sur IRM clinique, avec un bon rapport contraste 

sur bruit, et avec un protocole plus court (r@@ volumes, y-A@min). 

Nos résultats sur les patients atteints de sclérose en plaques montrent une capacité à 

différencier plusieurs lésions, et donc un gain en spécificité par rapport à l’IRM 

conventionnelle. Une étude longitudinale permettra d’évaluer le potentiel pronostique chez 

de futurs patients. 

Beaucoup de travail reste à faire pour que l’IRM quantitative de la moelle arrive à maturité : 

(A) valider le protocole de diffusion optimisé sur l’humain (reproduire l’étude du chapitre 

Erreur ! Nous n’avons pas trouvé la source du renvoi. sur l’humain avec l’IRM 

Connectom), (?) évaluer le comportement des métriques quantitatives dans les lésions à 

l’aide de modèle animal ex vivo (les hypothèses des modèles sont-elles toujours 

valables dans les lésions ?), (r) effectuer des tests de reproductibilité inter-scanner, (n) 

utiliser ces nouveaux biomarqueurs pour une analyse discriminante des différents 

phénotypes. 

Concernant les recherches plus fondamentales sur la compréhension de l’organisation de 
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Concernant les recherches plus fondamentales sur la compréhension de l’organisation de 

la microstructure de la moelle, les pistes de recherche pour aller dans la continuité de ce 

projet sont : (A) une amélioration de la qualité des images histologique afin de distinguer les 

axons <Aµm, (?) l’utilisation d’autres modalités histologique pour cartographier le système 

vasculaire, la densité mitochondriale ou gliale, et l’orientation tridimensionnelle des fibres 

de la matière blanche, (r) application de modèles biophysique permettant d’expliquer les 

variations de microstructure. 

Je souhaite donc bonne chance et bon courage à mes successeurs pour mener à terme ces 

recherches. 
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