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Probing tissue microstructure to study neurodegeneration
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Microstructural MRI: seen across scales

Image modified from Edwards et al., Neuroimage 2018
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Microstructural MRI: seen across scales



Goal of microstructural MRI

Goal:
go beyond the voxel level and infer what’s happening at 
the subvoxel scale.

early signs of pathology?



From macro- to micro-
MRI signal mostly detected from water protons

Water protons are local probes of their microscopic 
environment (magnetic sensors)

Complementary contrast mechanism arises at 
different scales

Biophysical modeling of the MRI signal consists in 
building effective models for averaged parameters 
in a bottom-up approach (coarse graining)

Image modified from Weiskopf et al., Nat Rev Phys (2021)

Effective MRI model: understand the timescales of 
fundamental Nuclear Magnetic Resonance properties & 
the NMR they produce to resonate with the motions 
occurring in the timescale of interest.



Molecules within biological tissues

Image modified from Howes et al., 
Neuropsychopharmacology (2023)

Image modified from 
Schyboll et al., Sci Report  
(2019)

Many kinds of protons, molecules and compartments coexists within biological tissues

➔ water (around 70%)
➔ cell membranes
➔ solute proteins 
➔ insolute proteins (e.g. myelin)
➔ iron
➔ metabolites
➔ ….

Various compartments
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Molecules within biological tissues

Specific timescales of molecular motion that dominates each environment
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Motionally restricted molecules ->
dipole-dipole coupling

➔ water (around 70%)
➔ cell membranes -> DWI
➔ solute proteins -> CEST
➔ insolute proteins (e.g. myelin)  
➔ Iron -> QSM / SWI
➔ Metabolites -> MRS
➔ ….

Various compartments

MT / ihMT

Molecules within biological tissues



Specialized MRI techniques for microstructural imaging
● DWI, MT, and ihMT are sensitive to cell membrane properties

● MT and ihMT also probe insoluble proteins (e.g. myelin)

● SWI and QSM target iron-bound complexes

● CEST and MRS help us detect low-concentration metabolites



Inhomogeneous Magnetization Transfer

Semisolid (macromolecular) pool Liquid pool

Nice survey: Alsop DC, Ercan E, Girard OM, Mackay AL, Michal CA, Varma G, 
Vinogradov E, Duhamel G. Inhomogeneous magnetization transfer imaging: 
Concepts and directions for further development. NMR in Biomedicine. 2023 
Jun;36(6):e4808.

The theory of ihMT:

ihMT probes:

➢ dipole-dipole interactions (dipolar order)

➢ good for imaging myelin

at thermal equilibrium
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Nice survey: Alsop DC, Ercan E, Girard OM, Mackay AL, Michal CA, Varma G, 
Vinogradov E, Duhamel G. Inhomogeneous magnetization transfer imaging: 
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The theory of ihMT:

ihMT probes:

➢ dipole-dipole interactions (dipolar order)

➢ good for imaging myelin

off-resonance RF excitation



Inhomogeneous Magnetization Transfer

Semisolid (macromolecular) pool

ihMT model 

Nice survey: Alsop DC, Ercan E, Girard OM, Mackay AL, Michal CA, Varma G, Vinogradov E, Duhamel G. Inhomogeneous magnetization transfer imaging: Concepts and directions for 
further development. NMR in Biomedicine. 2023 Jun;36(6):e4808.

Varma, G., Girard, O.M., Prevost, V.H., Grant, A.K., Duhamel, G. and Alsop, D.C., 
2015. Interpretation of magnetization transfer from inhomogeneously 
broadened lines (ihMT) in tissues as a dipolar order effect within motion 
restricted molecules. Journal of magnetic resonance, 260, pp.67-76.

Liquid pool

● R1f: longitudinal relaxation rate of the free pool
● T2f: transverse relaxation time of the free pool
● T2b: transverse relaxation time of the bound pool
● R: exchange rate
● M0b: equilibrium magnetization of the bound pool
● T1d: longitudinal relaxation time in the presence of dipolar interaction

The theory of ihMT:
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The theory of ihMT:
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Inhomogeneous Magnetization Transfer

The theory of ihMT: X



Inhomogeneous Magnetization Transfer

The theory of ihMT:



Inhomogeneous Magnetization Transfer for myelin imaging

presented at the 
ISMRM 2024 conference
in the process towards publication…

Our results: myelin imaging via ihMT



Inhomogeneous Magnetization Transfer for cardiac imaging

Purkinje fibers
(PF)

ventricular 
muscle

sinotrial  
node

bundle  
of His

★ Purkinje Fibers (PF)

 could initiate ventricular fibrillation

of its normal pattern (e.g. ventricular fibrillation) could cause sudden cardiac death

The Cardiac Conduction System (CCS) regulates normal heartbeat



Inhomogeneous Magnetization Transfer for cardiac imaging
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Inhomogeneous Magnetization Transfer for cardiac imaging



Inhomogeneous Magnetization Transfer for cardiac imaging

presented at the 
ISMRM 2024 conference
in the process towards publication…

Conclusions on that study:
- via fitting acquired data -> a cardiac ihMT model
- higher T1D values in PF compared to muscle
- lower exchange rate in PF compared to muscle
- better contrast in ihMT compared to T2w or MT 



Diffusion Tensor and Diffusion Kurtosis Imaging

Main lines of research in DWI:

Diffusion encoding strategy 
● FEXI (isolate exchange)
● Free-waveform DWI (flexible sensitivity to 

microstructure)
● Tensor-values DWI

○ Linear Tensor Encoding (LTE)
○ Spherical Tensor Encoding (STE)
○ Planar Tensor Encoding (PTE)

Biophysical modelling 
● DTI
● DKI
● NODDI
● CHARMED
● SANDI
● NEXI 
● CEXI

Chakwizira et al., Neuroimage (2023) Palombo et al., Neuroimage (2020) - SANDI



Diffusion Tensor and Diffusion Kurtosis Imaging

Main lines of research in DWI:

Diffusion encoding strategy 
● FEXI (isolate exchange)
● Free-waveform DWI (flexible sensitivity to 

microstructure)
● Tensor-values DWI

○ Linear Tensor Encoding (LTE)
○ Spherical Tensor Encoding (STE)
○ Planar Tensor Encoding (PTE)

Biophysical modelling 
● DTI
● DKI
● NODDI
● CHARMED
● SANDI
● NEXI 
● CEXI

Pulsed Gradient Spin Echo (PGSE)



Diffusion Tensor and Diffusion Kurtosis Imaging

Main lines of research in DWI:

Diffusion encoding strategy 
● FEXI (isolate exchange)
● Free-waveform DWI (flexible sensitivity to 

microstructure)
● Tensor-values DWI

○ Linear Tensor Encoding (LTE)
○ Spherical Tensor Encoding (STE)
○ Planar Tensor Encoding (PTE)

Biophysical modelling 
● DTI
● DKI
● NODDI
● CHARMED
● SANDI
● NEXI 
● CEXI

Pulsed Gradient Spin Echo (PGSE)



Diffusion Tensor and Diffusion Kurtosis Imaging

2 different pathologies in neurodegeneration:

Systemic Lupus Erythematosus (SLE) Traumatic Brain Injury (TBI)
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Diffusion Tensor and Diffusion Kurtosis Imaging

SLE study

Kornaropoulos et al., frontiers in Neurology (2022)
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Diffusion Tensor and Diffusion Kurtosis Imaging

SLE study

Kornaropoulos et al., frontiers in Neurology (2022)

TractSeg (Deep Learning): 72 white matter bundles  
automatic segmentation 



Diffusion Tensor and Diffusion Kurtosis Imaging

SLE study

Kornaropoulos et al., frontiers in Neurology (2022)

Pipelines 
comparison:

● minuscule
differences across the data 
processing pipelines

● correcting for
distortions from motion and 
eddy currents (Eddy) was 
the most beneficial



Diffusion Tensor and Diffusion Kurtosis Imaging

SLE study

Kornaropoulos et al., frontiers in Neurology (2022)

Pipelines 
comparison:

● minuscule
differences across the data 
processing pipelines

● correcting for
distortions from motion and 
eddy currents (Eddy) was 
the most beneficial

● gross smoothing 
reduced effect sizes 
by up to 20% ! 



Diffusion Tensor and Diffusion Kurtosis Imaging

SLE study

Diffusion protocols & magnetic field 
strength comparison:

●  the diffusion protocol had the strongest 
influence on effect sizes among the ones 
examined

● DKI is less sensitive than DTI to WM
pathology in SLE
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Diffusion Tensor and Diffusion Kurtosis Imaging

2 different pathologies in neurodegeneration:

Traumatic Brain Injury (TBI)



Study cohorts & neuroimaging
Athletes, 7T 

Healthy controls
(N=16)

Boxers
(N=21)

7T MRI 
(Lund)

• Physically active
• M/F: 
• Age: 25.5 ± 4.9

• Active
• MRI ~1month 

after last match
• M/F: 19/3
• Age: 26.6 ± 6.4

• T1w 
• T2w
• FLAIR
• DTI
• DKI

PCPS
(N=15)

• PPCS ≥ 6m
• No return to play
• M/F: 
• Age: 24.1 ± 4.8



Study cohorts & neuroimaging
Athletes, 7T & PVS computations

7T MRI 
(Lund)

• T1w 
- FOV: 230×230×180 mm³
- resolution: 0.80×0.80×0.80 mm³
- TR/TE: 6/0.39132 ms

• T2w
• FOV: 230×230×180 mm³
• resolution: 0.80×0.80×0.80 mm³
• TR/TE: 3.2/0.25 ms

• FLAIR
• FOV: 230×230×180 mm³
• resolution: 0.70×0.70×0.70 mm³
• TR/TE: 6/0.39132 ms

• DTI 
● FOV: 224×224×110  mm³
● resolution: 2.00×2.00×2.00 mm³
● TR/TE: 9200/65 ms
● 6 b = 100 s/mm²
● 30 b = 1000 s/mm²
● TOPUP (2 b = 0 with opposing 

polarities of the phase-encode blips)

• DKI 
● FOV: 224×224×120  mm³
● resolution: 2.00×2.00×2.00 mm³
● TR/TE: 9800/76 ms
● 6 b = 100 s/mm²
● 6 b = 500 s/mm²
● 10 b = 1000 s/mm²
● 30 b = 2000 s/mm²
● TOPUP (2 b = 0 with opposing 

polarities of the phase-encode blips)



Study cohorts & neuroimaging
Athletes, 7T & PVS computations

So far 2 publications:
● Gard, Al-Husseini, Kornaropoulos et al., Post-concussive vestibular dysfunction is related 

to injury to the inferior vestibular nerve, Journal of neurotrauma 39 (11-12), 829-840
● Gard, Kornaropoulos et al., Widespread White Matter Abnormalities in Concussed Athletes 

Detected by 7T Diffusion Magnetic Resonance Imaging, Journal of Neurotrauma 41 (13-14), 
1533-1549

https://scholar.google.fr/citations?view_op=view_citation&hl=en&user=SHtCKaAAAAAJ&sortby=pubdate&citation_for_view=SHtCKaAAAAAJ:hC7cP41nSMkC
https://scholar.google.fr/citations?view_op=view_citation&hl=en&user=SHtCKaAAAAAJ&sortby=pubdate&citation_for_view=SHtCKaAAAAAJ:hC7cP41nSMkC
https://scholar.google.fr/citations?view_op=view_citation&hl=en&user=SHtCKaAAAAAJ&sortby=pubdate&citation_for_view=SHtCKaAAAAAJ:35N4QoGY0k4C
https://scholar.google.fr/citations?view_op=view_citation&hl=en&user=SHtCKaAAAAAJ&sortby=pubdate&citation_for_view=SHtCKaAAAAAJ:35N4QoGY0k4C


Study cohorts & neuroimaging
Athletes, 7T & PVS computations

So far 2 publications:
● Gard, Al-Husseini, Kornaropoulos et al., Post-concussive vestibular dysfunction is related 

to injury to the inferior vestibular nerve, Journal of neurotrauma 39 (11-12), 829-840

- No significant differences in DTI/DKI 
metrics of cerebellar white matter tracts

- Cerebellar gray and white matter 
volumes were similar in athletes with 
SRC and control subjects.

https://scholar.google.fr/citations?view_op=view_citation&hl=en&user=SHtCKaAAAAAJ&sortby=pubdate&citation_for_view=SHtCKaAAAAAJ:hC7cP41nSMkC
https://scholar.google.fr/citations?view_op=view_citation&hl=en&user=SHtCKaAAAAAJ&sortby=pubdate&citation_for_view=SHtCKaAAAAAJ:hC7cP41nSMkC


Study cohorts & neuroimaging
Athletes, 7T & PVS computations

So far 2 publications:

● Gard, Kornaropoulos et al., Widespread White Matter Abnormalities in Concussed Athletes 
Detected by 7T Diffusion Magnetic Resonance Imaging, Journal of Neurotrauma 41 (13-14), 
1533-1549

- Widespread microstructural alterations in 
the white matter that correlated with CSF 
markers of axonal injury

- DKI was more sensitive, detecting more 
white matter changes than DTI

https://scholar.google.fr/citations?view_op=view_citation&hl=en&user=SHtCKaAAAAAJ&sortby=pubdate&citation_for_view=SHtCKaAAAAAJ:35N4QoGY0k4C
https://scholar.google.fr/citations?view_op=view_citation&hl=en&user=SHtCKaAAAAAJ&sortby=pubdate&citation_for_view=SHtCKaAAAAAJ:35N4QoGY0k4C


Lohela et al., 2022

Ongoing project: A proxy for glymphatic system malfunction 
after mild TBI



Representative PVS masks
3D rendering

PVS automatic method 1:
Sepehrband et al. 

PVS automatic method 2:
Duarte Coelle et al. 

They use EPC 
after NL 
means 
filtering They use 

Frangi or 
RORPO 
filtering



Representative PVS masks
3D rendering

PVS automatic method 1:
Sepehrband et al. 

PVS automatic method 2:
Duarte Coelle et al. 

more precise for our datamore robust across scanners
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Ongoing collaborations
Multicenter mild TBI dataset for glymphatic measures & correlations

Virginia Newcombe 
MD, PhD 

Cambridge, UK

David K. Menon 
MD, PhD

Co-chair, CENTER-TBI
 Cambridge, UK

Fluid biomarkers

Cerebrovascular 
burden

PVSF & 
Diffusivity

HC vs Mild TBI

Cognition



Ongoing collaborations
Department of Neurosurgery, Lund University

Principal Investigator: Professor Niklas Marklund
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