%4 SAPIENZA
‘IEC ©L UNIVERSITA DI ROMA NMR Labor'a'ror'y

NMR Anomalous Diffusion Measurements

27-28/09/2016

to investigate complex systems:
experiments

Silvia Capuani

*¢NR-IS5C UOS Roma
Dipartimento di Fisica
Sapienza Universita di Roma
Laboratorio di Risonanza Magnetica Nucleare
Edificio Fermi stanza 319, Edificio Segre’ Laboratorio 5

silvia.capuani@romal.infn.it

ISC Meeting tematico sulla diffusione, Sesto Fiorentino



NMR Anomalous diffusion Highlights
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\MR diffusion g ...

Why would we want to evaluate the
Diffusion parameters of water
in materials and biological Tissue?

Because Diffusion parameters and
diffusion-weighted NMR signal
reflect the micro-structural rearrangement of porous
materials and tissues



NMR diffesion g .

We cannot measure the Diffusion Coefficient

of water (or of generic ions and molecules)
using NMR

We can measure the displacement
of the ensemble of spins in our sample
and infer the Diffusion Coefficient.




NMR diffesion g

Diffusion MR images can measure water
proton displacements at the cellular level
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Probing motion at microscopic scale (10 um), orders of
magnitude smaller than macroscopic MR resolution (mm)

This has found numerous research and clinical applications



NMR diffesion ... . ..n95.n.

Can probe diffusion for time scales:
1 ms to seconds

length scales of displacements:
100 nm 10100 um
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Conventional diffusion Anomalous diffusion
Porous Media Complex systems
* Intrinsically multiphase materials
* Pore fluids for NMR detection

- Rocks, oil and water reservoirs

- Soils, unconsolidated formation system constituted by structures at
- Cement and concrete, catalysts very different levels of hierarchical
- Food stuff, paper, fabric organization

- Plant and animal tissues, bone

- Human tissues

- Brain

Microstructure is important ,
Multiscale




NMR diffusion Why anomalous diffusion?

Gaussian diffusion:
diameter of the
spatial range, d,
accessible to a water
molecule in a

given diffusion time t

Visible structures with conventional Diffusion Magnetic Resonance

L, = d = (6Dt)/2
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Invisible structures with conventional Diffusion Magnetic Resonance
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1. Oligodendrocyte cells

2. Myelinated nerve fibers
(transverse orientation)

3. Myelinated nerve fibers
(longitudinal orientation)

4. Peroxisomas

5. Axons
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7. Microtubules
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NMR principles

Nuclear paramagnetism NMR signal is an electric signal

f.e.m. induced at the
radiofrequency (RF) coil
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RF pulse sequences




NMR diffusion Magnetic gradients: inhomogeneity of the instrument

RF sequences

S(H)=Fr(N,T,T,, T,*,5,7,0,.....) A, A, [ A

9Q° 180°

FID
Echo signal




NMR diffusion Magnetic field gradients: imaging

®o=7Y Hy

- INTENSITA

Spectroscopy

Ethanal — Relam

LR 7 Hy H el e ST Jl J\
T e & , - S 7
5 o

 INTENSITA
SEGNALE

TT if—»f
6 'T I TTT T 7WA
3 : 5 01 FOURIER 2)
o0 ﬂ i
UL

BPAZIO —
GRADIENTE B e

o(r)=vy (Hy+ G-r)

Imaging

S L=




Magnetic gradients: imaging
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NMR diffusion Magnetic field gradients: magnetic susceptibility differences
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NMR diffusion

Gaussian Motion Propagator
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Conventional Diffusion NMR: Gaussian diffusion

(475Dt)3/2 0.0lop === -~ «———— Lineardependence
0.008 | @
- - (S .
£ 0.006kF Y\\(\de . Reduced dlff_usmn coefflc_:lent
= j A j due to porosity & tortuosity
3 0004, .
) = .' Restricted \
<Tr (t) >=2dDt 0.002¢ ] Plateau
0.000 £ ! |
0.0 0.2 0.4 0.6 0.8 1.0
time (s)
D1
T=16ms T=64ms T=256ms D2
£ Z £
g‘ d=4pm g 8
& £ 2
Myelin
d=16 pm
6 -8 0 8 16 6 -8 0 8 16 6 -8 0 8 16 Isotropic Anisotropic

Displacement x (um) Displacement x (um)

Displacement x (um)




NMR: how to measure diffusion parameters

The diffusion weighted signal is proportional to the characteristic
function of the diffusion propagator in time A

S(g,t=A) o j P(R,A)e" "R oc W (G, t)

Gd=ygo

A =diffusion time t




NMR: how to measure diffusion parameters
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Conventional Diffusion NMR: Gaussian diffusion

b=(7gé')2(A—§) S (b) — S (O) exp (— bD) Gaussian propagator
|

Signal & 62N A =) (X*(t)) o= Dt




Diffusion tensor Imaging
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At least six independent parameters are required.
At least six no-complanar

Basser et al., TMR, 1994 (103) 247



Diffusion tensor Imaging

MD and FA maps
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Diffusion tensor Imaging

MD and FA

Quantitative images . . ,
Diffusion Tensor Imaging
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Axon in successive stages

Myelin-forming

of myelinization
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Axon mean diameter =7um
Microtubulus =20nm

<r’>=6DA
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Where: D =21x10° m?%/s
A=80ms




_ Anomalous diffusion
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NMR diffusion Measure of Anomalous diffusion parameters
How to determine a and vy
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_ Anomalous diffusion in 3D porous media: experiments

(Bio)-physical interpretation of a and y parameters
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Application to multiscale porous materials

Highly porous polymeric matrices with randomly oriented interconnected pores obtained
from a solution of polyvinyl alcohol and etyltrimethylammonium bromide (PVA scaffolds)

* void size distribution: 10-100 um
* inferconnection size distribution: 4-50 um

* the three scaffolds differ in the roughness of the walls of their voids and
interconnections

PVA1l

Sample Surface area (mzfg)a

PVA3 106 0.36
PVA2 68 0.38
PVA1l 45 0.20

_ Barbetta A. et al., Soft Matter 6 (2010)



Gaussian approach

Imaging: MD;map
PGSTE sequence -ims)
600
TR = (5000 - A) ms bl
TE = 15 ms; 14§ 400
o
5=2ms ol |
g =74 mT/m 152 e
A= (20 = 520) ms PVA, 08 o —
MD (umzlms)
MD-map
—~ T T - 2 .
é FPVA, \ (um?/ms) 5
= | OPVA 16 600 S,=68 m?/g
=2 927 5PVA %7 1 >
2 |7 ; 14 2 0
Z ’ 12 §
;”' 7 10 20
z 08 o — -
£ 0.0 0.5 1 15 2
0.0 0.2 0.4 0.6 0.8 1.0 MD (um2/ms)
Porosity ¢ MD-map
s 1.0 : (wm?ms)
= S 1.6 600
g 084 7/ 1.4 >
o= P74 T 2 400f
é 0.6 PVA, .3 ,:/,/;;//"/ 1.2 ?‘,’
3 04 \ f(/ PVA; ; 1.0 =200
= 2 A 0.8 :
< o ';'/-?"'/PVAZ PVA, 85 1 1.5 2
2 ool==_ : : MD (1m%ms)
& 0.0 0.2 0.4 0.6 0.8 1.0

Porosity ¢




_ Anomalous diffusion approach

Imaging:
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_ Application to multiscale porous materials

fractal dimension of the random path
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Palombo M., Barbetta A., Cametti C., Dentini M., Capuani S., in preparation




_ Anomalous diffusion in 3D porous media: experiments

(Bio)-physical interpretation of a and y parameters

Q Length scale(s) of magnetic heterogeneity S
Q ., EEEE—
) MO0 Superdiffusion N |
. A,,/ k
O 0.95 < g ’O(\"/’ v .E.
{8 30um R \)‘5’,\ :
) 0.90{ ® 20 um et 1 |g
A A 15 um 0(9\9’ O & g.
e - ?
5 W | BB iy oA 1 |3
- ,,/ ' 1
Ordered sample E 0.80- ‘ 0050 pm E. o
| * free water 1 S
075 M 140+80+40+10+6 ym ® ] &
1 ® 140+40+6 ym ] ®
070, A 140+40+6 um (2m) i
7 T0 140+40+6 um (1m) Subdiffusion¥
0.00 +—4 . . ' . 4V
0.00 0.80 0.90 1.00
My
micro-beads
Disordered sample

Palombo M., Gabrielli A., De Santis S., Cametti C., Ruocco 6., Capuani S., J. Chem. Phys. 135 (2011)




\MR diffusion g ...
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MR diffosion

Pseudo-superdiffusion

multi-compartmentalization
intravoxel diffusion heterogeneity in space, i.e.,

© water molecules diffuse with considerably
© different free lengths.
due to both water multi-compartmentalization

© and magnetic susceptibility differences (Ay) at
> the interface between different compartments
-~ -

Multi-compartimentalization + magnetic susceptibility differences (Ay)




Pseudo superdiffusion

Pseudo “Levy flights”

Superdiffusion process (v <1) is spurious, not real but due to

local AX (or 6;) at the interface between beads and water



Without boundary effects (no G,) Brownian Diffusion
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Brownian Diffusion




Brownian Diffusion




Spectroscopy, Brownian Diffusion
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With boundary effects: 6,

Spectroscopy pseudo-superdiffusion
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Spectroscopy pseudo-superdiffusion
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Pseudo-Super Diffusion
Imaging

Voxel 2




Pseudo-Super Diffusion
Imaging
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Pseudo-Super Diffusion
Imaging
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Application to clinical diagnostics

Diffusion reflect the micro-structural rearrangement of tissues
BRAIN AGING

aging

~ / - ”

axons  raveing axons

Conventional New

Guerreri M., Caporale A., Palombo M., Bozzali M., Capuani S., submitted
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