
Extracting myelin and iron maps of the brain
using biophysical modelling
- some of the many roles of an MRI physicist
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Overview

❑ Quick recap on how MRI works

❑ What can MRI do (almost) out of the box

❑ How can an MR physicist contribute to MRI?

❑ Improving image reconstruction

❑ Making imaging quantitative

❑ Decoding microstructure
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How does MRI work?

B0

Makes sure there are two 

energy states for spins 

75 % water

Nuclear spins (are sort of a magnet)

Energy difference between states

States transitions can be induced using a 

on resonance RF pulse

Coherent spins will precess and relax

Generates RF wave to 

change spins state

The precession of this 
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What can MRI see?

❑ Hidrogen proton spins in large quantities – Water or Fat

❑ Water in different environments (magnetic, macromolecular…)

❑ Water moving in macroscopically

❑ Water moving microscopically



MRI allows looking at brain structure

Courtesy of Oliver Speck, Magderburg



Allows looking at arteries



Allows looking at flow in arteries



MRI allows looking at brain microstructure

Courtesy of CUBRIC, Cardiff



MR Physicist contribution to MRI

❑ Hardware design

❑ Image encoding and improving image reconstruction

❑ Fast and robust contrast encoding strategies

❑ Decoding the MR signal – extracting tissue properties



Improving image reconstruction

Andre et al. (J Am CollRadiol2015)

MRI has inherently a low sensitivity

Anatomical MRI 

– high-res data requires long acquisitions

– Subjects are alive…

Subject movement results in:

❑ Aliasing, Blurring, ghosting and ringing…

❑ Need of rescan in 8 – 30% of subject

Motion causes inconsistency of encoding

𝑆 𝑘 = 𝐼𝑚 𝑟, 𝑡 𝑒𝑖𝑘(𝑡)∙𝑟 𝐼𝑚(𝑟) = 𝐹𝐹𝑇3𝐷 𝑆 𝒌 dr

❑ Signal changes 𝐼𝑚 𝑟, 𝑡 ≠ 𝐼𝑚 𝑟

❑ Encoding the objects in the expected way 

𝑘𝑎𝑐𝑡𝑢𝑎𝑙 𝑡 ≠ 𝑘𝑑𝑒𝑠𝑖𝑔𝑛𝑒𝑑 𝑡



The whole head takes some time to encode…

1. Gallichan et al. (Proc ISMRM 2013); 2. Skare et al. (MRM 2015)

fat is sparse and fast to image ~16-64x

It does not «cost» water signal 

Most high field anatomical sequences

have a dead time for a 3D nav



Motion estimation accuracy of Water and Fat Navigators

Gallichan & Marques, MRM, 2017



Examples of motion (un)corrected data



Image Quality Fixed



MRI comes with many flavours – “weightings”

C. Federau and D. Gallichan, PLOSone, 2016



The problem

❑How does it relate to 

MRI images?



RF inhomogeneity
– We all want more signal, the “easy way”: higher B0
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But there is hope…



Quantitative Imaging and Relaxation…

Relaxation restores the thermal equilibrium distribution of spins 

and builds up equilibrium magnetization 

𝑅2
(∗)

𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 [𝑠−1]

– {Mx, My, Mz} ≡ {0,0,M0}. 

𝑅1 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 [𝑠
−1]



Weighted imaging vs relaxometry

Inversion 
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The price:

- More data points    - > more acquisition time

- If one parameter is to be measured, you have to ensure that the signal does not depend on 

the remaining relaxation properties -> less efficient

- Non-linear fitting    - > can be computationally expensive particularly as multiple 

parameters are obtained in one acquisition

Echo

time



MP2RAGE 

0.8x0.8x0.8mm3, 

9 min

MPRAGE 

0.8x0.8x0.8mm3, 

8 min

From T1 weighted to MP2RAGE and T1 mapping

Marques JP, Kober T et al, Neuroimage, 2010
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Both images will have the same:

-M0 effects;

-T2
* effects;

-reception B1
- effects;

-transmission B1
+ effects (not really);

After the combination of the two

images:

-M0 effects;

-T2
* effects;

-reception B1
- effects;

-transmission B1
+ effects (not really);

All we are left is mostly a T1

dependence… T1 estimation



Quantitative imaging facilitates 

multi-center studies / comparing data

Weiskopf et al., FIBIM 2013
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Relaxation rates
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What is stuff in the brain?

The usual suspects
Iron 

(non-heme)
Deoxygenated 

Blood
Myelin 

density

Paramagnetic

Fe3+

Paramagnetic

Fe2+

Diamagnetic

+=+= −=



R1 mapping to study brain myelination

Kuhne et al, Ped. Radiology, 2021



There is more to quantitative imaging than just relaxation



Gradient echo images TE1
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Gradient echo images  TE2
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Gradient echo images  TE3
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Gradient echo images TE5
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... after background field removal

Magnitude Phase
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Quantitative Susceptibility Map

Salomir R et al Conc. In MRb , 2004, Marques et al. Conc in MR pB. 2005., Liu et al 2011, Chan and Marques, Neuroimage, 2021

MRI can measure the field perturbation

Quantitative Susceptibility Mapping (QSM) 

finds 𝜒 that could have generated Δ𝐵

min
𝜒

Δ𝐵 − 𝐷 ∗ 𝜒 + 𝜆𝑅(𝜒)

Δ𝐵𝑧

=

B0

𝐷 𝜒



QSM Challenges & open science



Make your code and data available…

Data Sharing Collection @ Donders Repository

https://doi.org/10.34973/m20r-jt17

Overview of dataset structure

Collection contains potentially

Recognizable Human Data

Scripts used to generate suceptibility phantom

(allowing you to modify it)

Scripts to reproduce the paper

https://doi.org/10.34973/m20r-jt17


unveiling what is beneath?

1cm



Are relaxation rates / times a specific measure of myelin?

– Myelin affects all relaxation parameters… 

but other “stuff” also does

Stuber et al. Neuroimage, 2014

𝑅1 𝑅2
∗

Single compartment models are just too simple…



if we want to be more specific

we need to get a better understanding of 

how myelin affects the MR signal!



White matter microstructure

Relaxation properties are a too indirect measure of WM microstructure…

What we really want to measure is: 

❑ Fiber volume fraction

❑ g-ratio – conductivity of WM

❑ How much myelin there is

These metrics have an impact in the GRE signal,

And cylinders are not sufficient to describe it..

,Xu et al, MRM, 2017



Creating realistic White Matter models 

Hedouin, et al Neuroimage, 2021

Axon packing

To create realistic WM 

models

Axon removal

To be able to realistically 

modulate the FVF

g-factor modulation



Getting the model rigtht… (enough)

The Hollow cylinder

model

Is “very” easy to

compute

Yet water is not

everywhere, not in 

the regions of 

susceptibility

B0

Δ𝐵0(𝑟)Ӗ𝜒 (𝑟)

extra

myelin

Intra axonal  =

𝐷

Analytical Lorentzian

correction

Axons are not

cylinders…



Signal Simulation & Dictionary creation

Hedouin et al Neuroimage, 2021

B0

𝜃 = 0𝑜 𝜃 = 18𝑜 𝜃 = 90𝑜𝜃 = 36𝑜 𝜃 = 54𝑜 𝜃 = 72𝑜

Different

Realistic

WM models

Different 

Microstructure

Parameters

different 

Field perturbation

& GRE signal

Different white matter models

with same microstructural parameters

Result in similar signals



Using Realistic White matter models for decoding

microstructure



Microstrucutre property mapping

Whole brain maps

decoded from 9 

head positions

Whole brain maps

decoded from 9 

head positions

With different T1w



What can an MR Physicist do?

❑ Understanding how MRI works and the physical interactions in place can take you a long 

way

❑ Image reconstruction, motion correction, segmentation and quantitative imaging are 

being taken over by AI… But AI is better when it knows the right physics!

❑ Quantitative imaging and biophysical modelling – finding the right complexity balance:

❑ Share your code, it could help someone else!
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