
Comparison of time stepping methods for the Bloch-Torrey equation in diffusion MRI 

Diffusion Magnetic Resonance Imaging (dMRI) has been used extensively to image the brain and other 

organs such as the heart.  The Bloch-Torrey Partial Differential Equation (PDE) governs the evolution of 

the water proton magnetization in a heterogeneous medium and can be used to model the dMRI signal 

in an imaging voxel. 

We denote the individual cells plus the extra-cellular space by j
 j=1,2,3,…and ⋃

j = V, where V is the 

imaging voxel.  Water molecules undergo Gaussian diffusion with the intrinsic diffusion coefficient    in 


jThe governing equation for the complex transverse water proton magnetization mj(x, t) in j is the 

complex-valued Bloch-Torrey PDE where a diffusion term is added to the classical Bloch equations of 

nuclear magnetic resonance : 
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Here   √   and  is the water proton gyromagnetic ratio.  The MR experimental parameters that can 

be varied are the applied magnetic field gradient vector g (in both magnitude and direction) and its time 

profile f(t) (also called a pulse sequence).  The most commonly used form of f(t) is the pulsed gradient 

spin echo (PGSE) sequence and consists of two flat pulses of duration separated by a time 
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At the interface where two compartments (sub-domains) come together, we enforce the conservation 

of flux: 
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where nk is the outward pointing normal and jk is the interface between compartments j and k, and a 

permeability condition that slows down the movement of water across the cell membranes: 
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The “true” value for the membrane permeability  in biological cells is not known exactly and can be 

considered a model parameter.  The dMRI signal is measured at an ‘echo time’,       , and 

mathematically it is the integral of the magnetization in the voxel.   

In this internship project, the student will use an existing Matlab code that solves the above equations 

with the finite element method (FEM) and compare several time stepping approaches for the resulting 

semi-discretized equations that are in the form of a large system of coupled ordinary differential 

equations (ODEs).  There are several Matlab-implemented ODE solvers as well as the Runge-Kutta 

Chebyshev method to be compared.  Numerical issues such as the stiffness of the resulting ODEs and 

rapid oscillations due to high gradient strength will need to be considered and evaluated for each of the 

ODE solvers.   



Requirements: This project requires the knowledge of basic partial differential equations (diffusion 

equation properties), numerical analysis (ODE solvers, numerical stiffness), and finite elements 

(constructing finite element matrices).  Very importantly, it is necessary that the student can write good 

code in “Matlab” (correct and fast to run, i.e., using vector operations rather than loops, etc…).   

Supervisors: Jing-Rebecca Li (email: jingrebecca.li@inria.fr, web: 

http://www.cmap.polytechnique.fr/~jingrebeccali)  

Place: Centre de Mathématiques Appliquées (CMAP), École Polytechnique – 91128 Palaiseau, France. 

Follow-up PhD position: If the student is interested in starting a PhD position in France or elsewhere, 

and if the internship project is successfully completed, the superviser will help the student in putting 

together an application to a PhD position, by providing advice regarding writing a research statement 

and preparing for a PhD scholarship interview.  This is not a guarantee of a PhD position after the 

internship, rather an offer of help with preparing the application for a PhD position.  
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