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Overview

Part 1

e Diffusion: Overview
e Diffusion MRI

Part 2

e Anisotropic Diffusion

e Diffusion Tensor Imaging
e Fibre Tracking

e Restricted diffusion

Part 3

e Clinical use

e Advanced Diffusion MRI

Acknowledgement: Dr. Ezequel Farrher for provided figures/pictures
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Diffusion MRI is a unique modality of brain MRI

We can non-invasively examine

e Tissue microstructure

(~ 1-10 pm)

e Global white matter organization

Whole
(~0.1-10cm) brain

e Brain function and connectivity Whole
brain
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Ultimate goals

* to provide biomarkers of tissue condition

- neurodegenerative pathologies (Alzheimer’ s and Parkinson’ s diseases, etc.)
- development and aging

- stroke

- tumours

- neurosurgical planning

 to explore biophysical mechanisms of diffusion
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« 1828 — “A brief Account of Microscopic Observations” Robert Brown
described a phenomenon which is now known as “Brownian Motion”

Robert Brown Brownian Motion
1828 ton
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Random particle movements of
pollen grains on the water surface

Scottish botanist Robert Brown was first to observe spontaneous vibration
of pollen particles under the microscope in 1827.

15 September 2017 Institute of Neuroscience and Medicine Slide 5



#) JULICH

Diffusion
- Diffusion refers to the random, microscopic ) =%
movement of water and other small molecules /-’ ‘j;__
due to thermal collisions. )
» The rate of diffusion depends on temperature, ! EL\
—

viscosity of the fluid and the size (mass) of the

particles.

Two ways to introduce diffusion:
a) Phenomenological approach based on Fick's laws of diffusion

b) Atomistic approach based on the random walk model of diffusion
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Fick’'s First Law

Adolf Fick
J flux
1855 -
! Diagram: Diffusion
o, ¢ 0,04 ~ MRI textbook,
& ¢ ® | . é Johansen-Berg and

Behrens.

V(' concentration gradient

Flux of particles is proportional to concentration gradient.
/X

from high to low

. Diffusion coefficient
concentration
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Diffusion o/ JUC

Fick's Second Law

AdolfFick " o- . n @ 3® o For an elemental volume:
1855
Q ®  Rate of change in concentration
o ¢ ® jsequal to the net flux across its

boundaries.

E A

(7 =-DvC)
80 The rate of change of concentration at a
S DVQ C point in space is proportional to the second
8 T derivative of concentration with space.
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Self-Diffusion and Probabilities

Albert Einstein
1905

e Fick's Laws describe particles drifting
from higher to lower concentration
(mutual diffusion).

e Einstein applied the same idea to the
case without a macroscopic
concentration gradient (self-diffusion).

e Einstein ascribed Fick’s Laws an
interpretation based on probabilities.
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“Random walk” model

» 1905 — Einstein provided a statistical
description of diffusion.

F(t)-7(0)| )= 6Dr

Mean Square Displacement at

the time t (averaged over the Diffusion Coefficient

particle ensemble). What we
measure with MRI.
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We can estimate D by measuring MRI signal
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Antony Gormley, London
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Free diffusion in isotropic media

(isotropic, homogeneous, infinite)

Diffusion equation (initial conditions P(r,0)=0(r=0) )
QP(I” t) — DVZP(I” t) D - diffusion coefficient
o ’ |
1 r
P(r,t)= exp{— }
(47rDt)3/2 4Dt

The propagator here is Gaussian

diffusion

[ <I/’2> =6/t } ,normal® or Gaussian

Mean squared displacement

15 September 2017 Institute of Neuroscience and Medicine Slide 12



#) ULICH
Diffusion MRI: pulsed field gradients o Bl

RF  90° 180°

. 0 - _ Diffusion
" weighting
A
Gread I l
Signal /\ response signal propagator

JAW: l
Uv

Wair = JP (z,¢) €7 %?dz
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Diffusion MRI: pulsed field gradientsJ "

In absence of diffusion:

z(t) = const

If diffusion occurs:

z(t) # const
A@=1yGOoAz

—arie - '

time

Echo amplitude is attenuated by diffusion
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Gaussian diffusion

14

Signal amplitude

0.01 . . . ‘

0.0 5.0x10° 1.0x10° 1.5\09

b, m'2s

S(h)y=Se™”
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o
(720)° A-3

D — diffusivity
b — “b-factor”,
I.e. diffusion
weighting

Mono-exponential function
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Diffusion weighted imaging (DWI) in the human brain.

b = 0 s/mm?
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b = 1000 s/mm?
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Diffusion in the brain tissue

 Restricted

* Anisotropic

RRRRRRRRRRRRRRRR

Courtesy of Dr. Ezequiel Farrher
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Restricted diffusion

2\ _ ... determined by the
<)C > = const pore or cell size

intra-cellular ... restricted (in-plane)
space (ICS) :> and might be localised

extra-cellular :D ... restricted but not
space (ECS) localised
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Apparent Diffusion Coefficient (ADC)

Signal amplitude
—b-ADC
S(b)=S,e

If diffusion is not free, but influenced by

ot Yenzaeis B YR P G\ restrictions, what we measure is not intrinsic
Bundles of axons in the corpus diffusion coefficient of water

callosum in the human brain.

ADC is a phenomenological parameter

* integrative information on the tissue microstructure

* is a very important biomarker of various pathologies
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Diffusion “probes” the mlcrostructur‘e’

Length scale: a few microns

Neuron
cell

Perpendmular to Tract Parallel to Tract

Slower water dlffusmn Faster water diffusion

In the brain tissue, water diffusion is anisotropic and
restricted

The measured diffusivity is NOT intrinsic (“apparent™)
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Diffusion Tensor Imaging (DTI) approach

Diffusion in Diffusion in 100
Isotropic Sample Anisotropic Sample

perpendicular

10 -

parallel

Spin-Echo Amplitude (a.u.)

0 100000 200000 300000
b (s/cmz)

Diffusion depends on the spatial direction along which the gradient is applied.
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Isotropic, Isotropic, Anisotropic,
unrestricted restricted restricted
diffusion diffusion diﬁ:y
Diffusion
Trajectory ‘ /
(free water) (random barriers present)
7 7 (coherent axonal bundle)
A Z
y y
Dit.fusi?n o X X
Ellipsoid X
Diffusion f)) g g D eff 0 0 D, ny D,
Tensor 0 D, O DL D D
0O 0 D 0 0O D » Dlz D Da
D <D '
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These parameters are proposed to account for physical information
regardless the choice of the frame of reference.

|
Mean Diffusivity =~ MD = 3 (4 +4+4)

Fractional Anisotropy FA = \/E\/(MD_/%)z +(MD—-4,)" +(MD-2,)"
2 L+ L+ 4

|sotropic system S S
ALy 0 =FA=1
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Anisotropy enables “fibre tracking” <4 JULICH

different gradient directions

|
!
/

Many challenges for theoretical and
experimental physicists in developing new
improved methods and algorithms

From image gallery
www.neuroimaging.tau.ac.il
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The Human Connectome
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Diffusion MRI applications
= Normal brain development and aging
= Congenital anomalies and diseases of white matter
= Traumatic brain injury
= Encephalopathies — toxic, metabolic, infectious
= Demyelinating and neurodegenerative diseases
= Ischemia and stroke
= Neoplasm, preoperative planning
= Epilepsy
= Dementia, schizophrenia, depression
= Developmental disorders — autism
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Pathological tissue and diffusion

Healthy axon

” High FA

[\

Transverse Electron Microscopy
Degenerated axon e — Tess

www.currentprotocols.com/
protocol/mia0604

unique opportunities in diagnostics:
tumors, stroke, neurodegenerative diseases, injuries, eftc....
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Example: Detection of Acute Stroke

“Diffusion Weighted Imaging (DWI) has proven to be the most effective
means of detecting early strokes” Lehigh Magnetic Imaging Center

Conventional T, Wi DW-EPI

v’

Sodium ion pumps fail - water goes in cells and can not diffuse — DW image gets bright
(note — much later cells burst and stroke area gets very dark)
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Early detection of stroke

DWIs permit earlier detection of stroke than other methods such as T2I (T2 weighted image).

¢ 5 ; t

Acufe

24 h 7d  30d

http://www.radiologyassistant.nl/en/483910a4b6f14
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Possible origin of diffusion contrast in stroke

IC water fraction increases

Tortuosity of the ECS increases ;;x/

(cells swell)

|
l

ADC decreses

S. Heiland, 2003

15 September 2017
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Fig. 9. Diagram of the cellular structure in (a) normal brain
tissue and (b) in the early stage of cerebral ischemia. In the
early stage of cerebral ischemia, there is a net increase in intra-
cellular water leading to an increase in tortuosity of the extra-
cellular space. Due to this effect, diffusion water molecules hit
the cell membrane more often, leading to an ADC decrease.
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DTI in Cerebral Neoplasms  “:==

Deviated Infiltrated

e

Edematous Destroyed
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Tract Displacement
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DTI in neurosurgery

15 September 2017

Institute of Neuroscience and Medicine
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Corpus Callosum

Tumour
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rain Development and Ageing — Lifelong Changes

PHYSIOLOGY APTITUDES Cognitive powers peah at Brain processing speed d Intellige
about age 22 and begin to

slows, leading to a gradual senetating a resistance
decline at about 27

decline In the ability to recall tter inductive reas
/{hwnh language

events, make plans and
spatial orientation

coordinate tasks
sensory and motor

skills improve. Brain
has massive capacity
for new information

/ o o Good News Bad News Ability to learn

Rapid brain
growth: 250,000
cells form per
minute, and

1.8 million

Motor
and balance

ontrol

are learned

Working Rudimentary

connections memary . SR e ; new things Bt
nderstanding 1 self T C WAS you & smispheres he loss of dopamine ecline: >
ST ool understanding of v As you graw old, the two hemispheres The loss of dopamine declines siiond i hides
g sy . cause and effect of the brain begin to work together ptors can lead to markedly .
develop dovelops SRR m more—making up for the loss of depression preverance

for familiar
Processing capacity
routines
® Structures In the brain that regulate a part develops
memory and emotions begin to the brain that can
Interact ditferently. The result: greater exacerbate memory
55

optimism. because you develop a
more philosophical approach to life

o -

INFANCY AND CHILDHOOD ADULTHOOD

OLD AGE

Nucleus

Newborn

1Month 9 Months

Adult

2 Years
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Normal Brain Development
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40 weeks (¥

J. Neil, Washington Univ., St. Louis
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Healthy Brain Ageing

Genu
frontal : ° Left pericallosal
pericallosal . o Right pericallosal

Pfefferbaum, MRM 2010
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DTI: Lifespan trajectories + heterochronicity

different fibres/regions

0851 Corticospinal Tract

Splenium

15 2
Age (yoars)

ooooo Q e/ , 081 Inferior Longitudinal
{

08 .
“ . o
048} vt
0 4/ g
098 e

10 15 20 25 30
Age (years)

rrrrrr

oss) Superior Longitudinal

10 15 20 25
Age (years)

o Inferior Fronto-occipital

20 25 30

10 15 2
Age (years)

C. Lebel et al., Neurolmage (2008)

202 subjects aged 5-30 years; 10 fibres;
hierarchical pattern of maturation in which areas
with frontal-temporal connections develop more
slowly than others.
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Fraction Anisotrop
o
.
w
-

10 20 30 40 50 60 70 80
Age (years)

FA values for Corona Radiata ( ) and
Cortical-Spinal tract (A)

P. Kochunov et al., Neurobiology of
Aging, 2010.

« 831 subjects aged 11-90
years;

« Ofibres;

» Age of peak: 23.1-39.4 years

« Rate of decline correlates
with rates of maturation
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Advanced
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Diffusion Kurtosis Imaging (DKI)

kurtosis 1
S(b 1 4
11’1 ( ):—bDK+_(bDK) K_|_?9(b3) ? | ~~~
SO 6 8 \ ~~~
2] :
[\ 1
Gaussian s > o
. ° ®
Monoexponential Non-exponential , |approach .
o 1 2 3 4

b [ms um]
- extension of DTI, requires more acquisition time
- provides a new biomarker: (mean) diffusional kurtosis, MK
- richer information on complexity of microstructure

- Applications (stroke, neurodegenerative pathologies)

JH Jensen et al., MRM, 2005
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Deviations from the Gaussian model < JuLIcH

... looking for novel biomarkers

monoexp. Rat brains
L‘ N

DKI LNDFI
S(b) T T v ! !
1 N -: D
.~Q§ \.\‘ ]
0.11 e dtroke [ S LL
= healthy \‘! ] D
kurtosis RN I
—— |-~ -LNDFI (b< 3500 s mm'2) \ 5
—— |----LNDFI (b< 6000 s mm?)
0 2000 4000 6000
b [s mm?]

strongly enhanced contrast
In the damaged tissue!!

[ ]
Neurospin, CEA, 7T Bruker;
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BEDTA: benefits for fibre tracking

Pre-cortical fibres

conventional

more WM structures and more fibre tracks are visualised!

' | Fibre tracks —
Grinberg F., et al., Neuroimage, 2011 Dr. I. Maximov, E. Farrher
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subject 1 subject 3
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Children versus adults < JULICH

MNI152 Coordinates: X=5;Y =-17; Z = 14;
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END

thank you for attention!
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