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CRMBM: pre-clinical facilities
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CRMBM - CEMEREM: clinical facilities (100% research)

3T Vida Siemens 7T Terra Siemens
CE approved
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The Central Nervous System team with 4 groups

Physics & Numerical 
Modeling for qMRI 

of the CNS
(G Duhamel)

Spinal Cord  imaging
(V Callot)

Brain imaging
(W Zaaraoui)

Translation Neuroscience
 & Clinical Applications

(JP Stellmann)

CNS team
(JP Ranjeva)

Development and application of advanced MRI/MRSI methods and contrasts 

to better understand, monitor and treat neurological/psychiatric diseases

Increasing knowledge on multicontrast MRI and addressing methodological challenges at high (3T) and ultra 
high (7T) field strengths for clinical neuroscience

https://crmbm.univ-amu.fr/research/teams/central-nervous-system/6

https://crmbm.univ-amu.fr/research/teams/central-nervous-system/


https://crmbm.univ-amu.fr/topic/brain_imaging/

The Brain imaging group
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Multimodal and multicontrast brain imaging @ 3T & 7T

Improvement of structural connectivity
=> Better and faster HARDI 

2D semi-laser  1H PRESS CSI 
(0.3ml)

0 0.5 10 55 110 ms0 3.5 7 ms0 40 80 mM

TSC T2* short T2* long f

23Na MRI

31P MRSI

7T-AMI DGN atlasBrain template (3D-MP2RAGE)(0.6mm)3

7TAMIbrainQSM,R2*,qT1_400 7TAMIbrainPARC

QSM R2*
qT1

Improvement of brain morphometry and parcelation
=> Better (PTx) and Faster (CS) acquisitions

Fast multiparametric quantitative approaches
=> Better and Faster post-processing pipelines (AI)

Better brain network 
characterization for individual modeling

(TVB, prognosis of individual 
trajectories)

Faster rs-fMRI for Dynamic FC 
3T 7T

High res Task-fMRI (MB-EPI)

Improvement of functional MRI for activation patterns and Functional Connectivity
=> Better acquisition (PTx) higher temporal (MB) resolution and spatial (VASO) resolutions

Improvement of ionic/homeostatic 
imaging and metabolic imaging

=> Faster 23Na MRI , 31P MRSI, and 3D 1H-MRSI

Layer resolved-fMRI (VASO) Simultaneous EEG-fMRI at 7T

PCr map
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High-resolved
anatomy

Structural Connectivity
DTI

Functional Connectivity
Rs-fMRI

Morphometry

Tissue structure
Quantitative R1, R2*, QSM
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Sodium homeostasis
23Na MRI

Multimodal MRI protocol @ CRMBM-CEMEREM

Metabolic assessment
31P and 1H MR spectroscopy
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Sodium MRI: in vivo marker of sodium homeostasis

Sodium MRI provides information on:

§ Function/viability of cells

§ Excitability of cells

§ Early marker in many brain disease processes

Na+

Reviews: Madelin et al, JMRI 2013; Shah et al, NMR Biomed 2016; Petracca et al, NMR in Biomed 2016; Thulborn, Neuroimage 2018 

140 mM

4 mM

10 mM

140 mM
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Inglese et al, MS & Rel. Dis. 2013

Demyelination
Impaired AP conduction

Elevated Na channel expression
(especially Nav1.6)  

↑ persistent currents
Each AP accompanied 
by ↑ sodium influx

Energy Imbalance
Higher demand to maintain resting 
potential  and transmembrane
concentrations

Mitochondrial dysfunction
Nitric Oxide (inflammation)
interferes with ATP production 

Energy failure 
Na/K-ATPase failure
↑[Na]intracellular

Calcium Elevation 
Response to elevated [Na]I
Na/Ca ATPase reversal 

Neuro-Degeneration
toxic effects of calcium-dependent enzymes

Increase of [Na]intracellular involved in processes leading to neurodegeneration 

Sodium MRI in Multiple Sclerosis: Why?
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1H 23Na
Spin quantum number 1/2 3/2

Gyromagnetic ratio 𝜸 (MHz/T) 42.58 11.26

Sensitivity at constant field per nucleus
𝛼 𝜈3.I (I+1)

1 0.0925

In vivo concentration of nucleus (mol/kg) 85.6 0.05

SNR relative to 1H of tissue water 1 2x10-4

Adapted from Bottomley, Encyclopedia of MR 2012

23Na has the most favorable properties for MRI after 1H

Magnetic properties of 23Na
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1H 23Na
Spin quantum number 1/2 3/2

Gyromagnetic ratio 𝜸 (MHz/T) 42.58 11.26

Sensitivity at constant field per nucleus
𝛼 𝜈3.I (I+1)

1 0.0925

In vivo concentration of nucleus (mol/kg) 85.6 0.05

SNR relative to 1H of tissue water 1 2x10-4

Adapted from Bottomley, Encyclopedia of MR 2012

23Na has the most favorable properties for MRI after 1H

Challenges

=> Very low sensitivity of 23Na MRI signal (=1/20 000 signal 1H)

=> Very fast transverse relaxation time (T2
23Na < 2ms)

Magnetic properties of 23Na
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Magnetic properties of 23Na

1H 23Na
Spin quantum number 1/2 3/2

Gyromagnetic ratio 𝜸 (MHz/T) 42.58 11.26

Sensitivity at constant field per nucleus
𝛼 𝜈3.I (I+1)

1 0.0925

In vivo concentration of nucleus (mol/kg) 85.6 0.05

SNR relative to 1H of tissue water 1 2x10-4

Adapted from Bottomley, Encyclopedia of MR 2012

23Na has the most favorable properties for MRI after 1H

§ Electric quadrupolar moment (eQ)

§ Strong interaction with surrounding electric field gradients (EFG)

§ Residual quadrupolar interaction = main process of relaxation

§ Biexponential T2 depending on motional regime and anisotropy

NMR properties of spin 3/2
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Sodium MRI: what strategies?

- High or ultra-high field MR system

- RF capabilities for X-nuclei (multinuclear option)

- Strong gradient strengths and high slew rates

- MRI sequence dedicated for ultra-short echo-time (UTE) => not commercial

- Adapted coils for 23Na

- Increase voxel size (lower spatial resolution (3-5mm)3) to increase SNR

3D Radial

DA 3D Radial

Cones

TPI

Shah et al, NMR Biomed 2016 (review)

7T  23Na-1H volume head coil (QED)

3T  23Na-1H volume head coil (RapidBiomed)

@ CRMBM
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3D density-adapted 
radial UTE sequence

TE= 200µs
TR=120ms
17000 projections
(3.6mm)3

34 min

Zaaraoui et al, Radiology 2012

Sodium MRI: Methods development
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Intra-cellular (85% vol / [Na] ≈ 15mM) 
Extra-cellular (12% vol / [Na] ≈ 140mM)
Vascular (3% vol / [Na] ≈ 140mM) 

Total Sodium Concentration (TSC) 



Sodium MRI: Image processing pipeline

Quantitative total 23Na MRI
- Gridding method
- Hanning filter
- Rician denoising filter
- Check for B0, B1, T1 and T2
- External quantitative references

Coregistration to 1H 3D MPRAGE
(SPM8/12) 

Segmentation (SPM8/12) 
- White matter compartment
- Grey matter compartment
- Cerebrospinal fluid compartment

Normalisation MNI (SPM8/12) 

Smooth (SPM8/12) 

Voxel based analyses (SPM8/12) 
Quantitative sodium accumulation maps in  patients      

compared to controls

vs

T2 lesions mask (multiple sclerosis)
Manual delineation in 1H T2w
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Sodium MRI in Multiple Sclerosis

Zaaraoui et al, Radiology 2012; Maarouf et al, MAGMA 2014; Maarouf et al, Neurology 2017; 
Donadieu et al, MSJ 2019; Maarouf et al, MSJ 2022  

23Na MRI 1H MRI 
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2012

Sodium MRI in Multiple Sclerosis
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2012

Sodium MRI in Multiple Sclerosis
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2012

Sodium MRI in Multiple Sclerosis
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2012

Sodium MRI in Multiple Sclerosis
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2012

Correlations with EDSS

Sodium MRI in Multiple Sclerosis
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2013

Sodium MRI in progressive Multiple Sclerosis
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2013

Sodium MRI in progressive Multiple Sclerosis
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2013

Sodium MRI in progressive Multiple Sclerosis
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Different from atrophy

Different from lesions
SPM8, 3-group ANOVA, p < 0.001, FDRc

Sodium 
increase
Atrophy
Overlap

Clinical correlations

2013

Sodium MRI in progressive Multiple Sclerosis
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89 subjects were enrolled in the study: 

- 58 RRMS (disease duration ≤ 10 y)

- 31 age and sex matched controls

2016

Sodium MRI and cognition in Multiple Sclerosis

28

Cognitive evaluation (Brief Repeatable 
Battery) (2 tasks < 2SD)

- 37 cognitively preserved (CP)

- 21 cognitively impaired (CI)



89 subjects were enrolled in the study: 

- 58 RRMS (disease duration ≤ 10 y)

- 31 age and sex matched controls

Cognitive evaluation (Brief Repeatable 
Battery) (2 tasks < 2SD)

- 37 cognitively preserved (CP)

- 21 cognitively impaired (CI)

2016

Stepwise regression model
Ø age
Ø disease duration
Ø GM sodium concentration
Ø NAWM sodium concentration
Ø GM fraction
Ø Brain parenchymal fraction

Sodium MRI and cognition in Multiple Sclerosis
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89 subjects were enrolled in the study: 

- 58 RRMS (disease duration ≤ 10 y)

- 31 age and sex matched controls

2016

Stepwise regression model
Ø age
Ø disease duration
Ø GM sodium concentration
Ø NAWM sodium concentration
Ø GM fraction
Ø Brain parenchymal fraction
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Utilisation de Cognitive Impairment='B- Non-Cognitive' pour 
être le niveau positif
Zone sous la courbe =  0,72716

Courbe ROC

Régression logistique de Cognitive Impairment par GM TSC
Ajuster Y en fonction du groupe X

ROC analyses
GM TSC

• Se = 76%
• Sp = 71%
• AUC = 0.73 

Sodium MRI and cognition in Multiple Sclerosis

30

Cognitive evaluation (Brief Repeatable 
Battery) (2 tasks < 2SD)

- 37 cognitively preserved (CP)

- 21 cognitively impaired (CI)



2016

Left hemisphere

Right hemisphere

Lateral view
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Medial view

Medial view

To
p

Le
ftFro

nt

To
p

Rig
htBac

k

min max

Sodium MRI and cognition in Multiple Sclerosis
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2022

10 of 21 BMS (48%) and 19 of 25 NBMS (76%) patients showed GMSA (p = 0.05)
affecting, respectively, 4.4 ± 9.6% of GM volume versus 5.4 ± 9.3% 

Sodium MRI map at the individual level
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2022

10 of 21 BMS (48%) and 19 of 25 NBMS (76%) patients showed GMSA (p = 0.05)
affecting, respectively, 4.4 ± 9.6% of GM volume versus 5.4 ± 9.3% 

Sodium MRI map at the individual level
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2017

3D-1H-EPSI sequence (see Donadieu, JMRI 2016): b) NAA f) myo-inositol

1H MRSI & 23Na MRI in MS 
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2017

3D-1H-EPSI sequence (see Donadieu, JMRI 2016): b) NAA f) myo-inositol

GM TSC and NAA 
(β = −0.831; adjusted r2 = 0.341, p < 0.0032)

1H MRSI & 23Na MRI in MS 

35



2017

3D-1H-EPSI sequence (see Donadieu, JMRI 2016): b) NAA f) myo-inositol

GM TSC and NAA 
(β = −0.831; adjusted r2 = 0.341, p < 0.0032)

NAWM TSC and NAA 
(β = −1.069; adjusted r2 = 0.346, p < 0.0047)

1H MRSI & 23Na MRI in MS 
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2017

3D-1H-EPSI sequence (see Donadieu, JMRI 2016): b) NAA f) myo-inositol

T2
lesions 

GM TSC and NAA 
(β = −0.831; adjusted r2 = 0.341, p < 0.0032)

NAWM TSC and NAA 
(β = −1.069; adjusted r2 = 0.346, p < 0.0047)

Lesions TSC and NAA (β = −1.261; p < 0.000)
Lesions TSC and m-Ins (β = −2.693; p = 0.0030)
Lesions TSC and tCr (β = 2.822; p = 0.0017)
adjusted r2 = 0.574, p = 0.0005

1H MRSI & 23Na MRI in MS 
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Intracellular sodium MRI?

Thulborn et al, Radiology 1999

Intra-cellular (85% vol / [Na] ≈ 15mM) 

Extra-cellular (12% vol / [Na] ≈ 140mM)

Vascular (3% vol / [Na] ≈ 140mM) 

Total Sodium Concentration (TSC) 
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Bansal et al, JMRI 1992 Stobbe, Beaulieu, MRM 2005

Toxic shift reagents Inversion Recovery Triple Quantum 
Filtering

Petracca et al, Brain 2016

Do not penetrate cell  membrane 
frequency offset in extracellular space Suppression of 23Na signal from CSF

Intracellular sodium MRI?
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Intracellular sodium MRI: multi-echo approach

7T MRI in Marseille Hospital
CRMBM-CEMEREM

Quantitative sodium maps at 7T
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Intracellular sodium MRI: multi-echo approach
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Multi-echoes quantitative sodium MRI at 7T

Acquisition of 3D DA radial 23Na MRI 
at 24 TE (0.2 - 71 ms)

TR=100ms
resolution (3mm)3

8 TE per run (3 runs)
TA= 3 x 10 min

Ridley et al, Sci Reports 2018; El Mendili et al, ISMRM 2022
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Biexponential fitAcquisition of 3D DA radial 23Na MRI 
at 24 TE (0.2 - 71 ms)

Ridley et al, Sci Reports 2018; El Mendili et al, ISMRM 2022

Realignment

Multi-echoes quantitative sodium MRI at 7T
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Biexponential fit

T2*short T2*long

Fraction f  =
+

M0 short M0 long

Acquisition of 3D DA radial 23Na MRI 
at 24 TE (0.2 - 71 ms)

Ridley et al, Sci Reports 2018; El Mendili et al, ISMRM 2022

Realignment

Multi-echoes quantitative sodium MRI at 7T
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External tubes for quantification

Biexponential fit

T2*short T2*long

Fraction f  =
+

M0 short M0 long

Acquisition of 3D DA radial 23Na MRI 
at 24 TE (0.2 - 71 ms)

Ridley et al, Sci Reports 2018; El Mendili et al, ISMRM 2022

Realignment

Multi-echoes quantitative sodium MRI at 7T

45



Acquisition of 3D DA radial 23Na MRI 
at 24 TE (0.2 - 71 ms)

External tubes for quantification

Biexponential fit

T2*short T2*long

Fraction f  =
+

M0 short M0 long+

TSC map

Ridley et al, Sci Reports 2018; El Mendili et al, ISMRM 2022

Realignment

Signal Calibration

Multi-echoes quantitative sodium MRI at 7T
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Biexponential fit

T2*short T2*long

Fraction f  =
+

TSC map

0 0.5 10 55 110 ms0 3.5 7 ms0 40 80 mM

TSC T2* short T2* long Sodium signal fraction 

Ridley et al, Sci Reports 2018; El Mendili et al, ISMRM 2022

Multi-echoes quantitative sodium MRI at 7T
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Multi-echoes 23Na MRI at 7T: preliminary results in MS

El Mendili et al, in preparation
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f map 
(Intracellular 23Na)

23Na TSC1H T2w

min

A

B

ma
x

El Mendili et al, ISMRM 2022



p-value
Complete Recovery (CR) Partial Recovery (PR) Healthy Controls (HC) CR vs PR CR vs HC PR vs HC

TSC (mM)
GM 51.09 ± 4.80         49.73 ± 5.21        50.07 ± 4.15 0.460 0.460 0.832
NAWM  42.78 ± 5.92         41.48 ± 6.30         41.37 ± 3.69 0.563 0.342 0.944
T2-lesions 50.70 ± 7.78         51.17 ± 7.23         ”        0.650 <0.001 < 0.001

Signal fraction
GM 0.471 ± 0.021       0.468 ± 0.047      0.464 ± 0.028 0.851 0.408 0.726
NAWM 0.579 ± 0.010      0.563 ± 0.019      0.574 ± 0.011 0.006 0.154 0.030
T2-lesions 0.571 ± 0.091      0.497 ± 0.085      ”                   0.042 0.860 < 0.001

T1-RT (ms)
GM 1899.1 ± 31.7       1870.5 ± 137.0     1887.3 ± 43.5 0.398 0.333 0.577
NAWM 1304.0 ± 32.3       1341.4 ± 88.8        1277.7 ± 30.9 0.111 0.010 0.003
T2-lesions 1663.4 ± 146.9     1747.4 ± 160.3      “          0.150 <0.001 <0.001

FA
NAWM 0.419 ± 0.024     0.426 ± 0.022      0.437 ± 0.012 0.432 0.002 0.037
T2-lesions 0.354 ± 0.031      0.334 ± 0.029      “                   0.092 <0.001 <0.001

MD#

NAWM 5.315 ± 0.271      5.411 ± 0.225       5.178 ± 0.124 0.315 0.032 <0.001 
T2-lesions 6.652 ± 0.677      7.201 ± 0.699       “          0.043 <0.001 <0.001    
Values are expressed in mean ± SD. FA, fractional anisotropy; GM, grey matter; NAWM, normal appearing white matter; MD, mean diffusivity, TSC, total sodium 
concentration.
+General linear model. “ T2-lesions in MS patients were compared with NAWM in HC. # ×10-4 mm2/s.

Assessing lesion activity and neurodegeneration
Expected Benefits in MS

El Mendili et al, in preparation
El Mendili et al, ISMRM 2022

Multi-echoes 23Na MRI at 7T: preliminary results in MS

Better discrimination between Complete Recovery and Partial Recovery patients using f



TE1=0.2ms TE2=10ms TE3=19ms

Bydder et al, Neuroimage 2018

Dynamic multi-echoes sodium MRI
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Sodium signal variations in regions with positive BOLD response

Bydder et al, Neuroimage 2018

Activation of the controlateral motor areas (right-hand motor task)

Dynamic multi-echoes sodium MRI
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• 23Na MRI is feasible to study clinical brain applications

• It  benefits from high and ultra-high magnetic field

• 23Na MRI provides onic/metabolic information: direct window into on cells functionality

Conclusions
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• Increased TSC in the brain is consistently found in patients with multiple sclerosis

• Multiple phenomena involved in the increase of TSC

• Different in different compartments 

• Acute lesions: inflammation, oedematous accumulation of interstitial fluid and swelling

• Chronic lesions: microglial inflammation ? virtual axonal hypoxia and loss, other

• Normal-appearing brain tissue: virtual axonal hypoxia and loss, small increases in extracellular space, 

excito-toxicity?

• Variable over time

• Present at onset of disease

• Increase with duration of disease and disability

• Less pronounced but more compartmentalised in patients with progression 

Conclusions

• 23Na MRI is feasible to study clinical brain applications

• It  benefits from high and ultra-high magnetic field

• 23Na MRI provides onic/metabolic information: direct window into on cells functionality
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Multiple Sclerosis

Amyotrophic Lateral Sclerosis

Epilepsy

Migraine

Stroke & CVD

Brain tumors

Alzheimer

TBI

Huntington

Maarouf et al. MSJ 2022, Collorone et al. Brain 2021, Weber et al. MSRD 2021,  
Eisele et al. MSRD 2019, Grist et al. JNS 2018, Donadieu et al. MS 2019, Huhn et 
al. JNS 2017, Eisele et al. J Neuroimag 2017, Maarouf et al. Neurology 2017, 
Petracca et al. Brain 2016, Eisele et al. MS 2016,Petracca et al. NMR Biomed 
2016, Gnahm et al NI 2015, Maarouf et al. Magma 2014, Inglese et al. MSRD 
2013, Paling et al. Brain 2013, Zaaraoui et al. Radiology 2012, Paling et al J 
Neurol 2011, Inglese et al Brain 2010

Mohamed et al. J Neuroimaging 2021, Regnery et al. Neuroimage Clin 2020, 
Shymanskaya et al. Mol Imag Biol 2020, Haneder et al. Neuroradiology 2015, 
Laymon et al. MRI 2012, Weber et al. Invest Radiol 2010, Bartha et al AJNR 2008, 
Boada et al. IEEE 2004, Ouwerkerk et al. Radiology 2003, Thulborn et al. MRM 
1999, 

Adlung et al. Cerebrovascular disease 2021, Neumaieer-Probst et al. Int J Stroke 
2015, Shimizu et al. Neuroradiology 1993 

Haeger et al. AD 2021, Mohamed et al. In vivo 2021, Mellon et al. AJNR 2009 

Meyer et al. Eur Radiol 2019, 

El Mendili et al, AJNR 2022, Grapperon et al. Radiology 2019

Reetz et al. Neuroimage 2012

Azilinon et al, HBM 2023, Ridley et al. NI 2017 

Grover et al. AJNR 2018, 

Parkinson Grimaldi et al. Front Neurol 2021

Conclusions
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Amyotrophic lateral sclerosis

Grimaldi et al, Front Neurol 2021Grapperon et al, Radiology 2019

Sodium MRI in Neurodegenerative diseases
Parkinson’s disease

=> TSC increase in clinically relevant brain regions
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Conclusions



Ridley et al, Neuroimage 2017

Sodium MRI in Epilepsy

=> Chronic increase of TSC in epileptogenic regions during the interictal period in human epilepsy 
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Conclusions

Azilinon et al, HBM 2023



Multiple Sclerosis

Amyotrophic Lateral Sclerosis

Epilepsy

Migraine

Stroke & CVD

Brain tumors

Alzheimer

TBI

Huntington

Maarouf et al. MSJ 2022, Collorone et al. Brain 2021, Weber et al. MSRD 2021,  
Eisele et al. MSRD 2019, Grist et al. JNS 2018, Donadieu et al. MS 2019, Huhn et 
al. JNS 2017, Eisele et al. J Neuroimag 2017, Maarouf et al. Neurology 2017, 
Petracca et al. Brain 2016, Eisele et al. MS 2016,Petracca et al. NMR Biomed 
2016, Gnahm et al NI 2015, Maarouf et al. Magma 2014, Inglese et al. MSRD 
2013, Paling et al. Brain 2013, Zaaraoui et al. Radiology 2012, Paling et al J 
Neurol 2011, Inglese et al Brain 2010

Mohamed et al. J Neuroimaging 2021, Regnery et al. Neuroimage Clin 2020, 
Shymanskaya et al. Mol Imag Biol 2020, Haneder et al. Neuroradiology 2015, 
Laymon et al. MRI 2012, Weber et al. Invest Radiol 2010, Bartha et al AJNR 2008, 
Boada et al. IEEE 2004, Ouwerkerk et al. Radiology 2003, Thulborn et al. MRM 
1999, 

Adlung et al. Cerebrovascular disease 2021, Neumaieer-Probst et al. Int J Stroke 
2015, Shimizu et al. Neuroradiology 1993 

Haeger et al. AD 2021, Mohamed et al. In vivo 2021, Mellon et al. AJNR 2009 

Meyer et al. Eur Radiol 2019, 

El Mendili et al, AJNR 2022, Grapperon et al. Radiology 2019

Reetz et al. Neuroimage 2012

Azilinon et al, HBM 2023, Ridley et al. NI 2017 

Grover et al. AJNR 2018, 

Parkinson Grimaldi et al. Front Neurol 2021

Conclusions

Upcoming guideline paper on 23Na MRI & 
multicenter studies
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