[Lecture 14

Multi-fiber voxels



Lecture Summary

l.Failure of the standard DTI model

2.Higher order tensor modesl
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A simple partial-volume model

W0 crossing fbens resulting distributions
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Ambiguities in the Standard DTI Model

FA



Variance of Measurements

Frank, et. al. MRM 2001
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G — fe—bD(Q) 4 (1 _ f)e—bD(H—l—dQ)

D(60) = diffusion profile for single fiber
as a function of angle 6 in the plane

df = angle between fibers

f = volume fraction
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Ambiguities in the Standard DTI Model

Multi-Compartment Diffusion

b (s/mm2)

In A(D) 1000 2000 3000 4000 5000 6000
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Mono-exponential

SNR=50
b=100,{D;, Dy} ={.01,.01} f=5
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But bi-exponential decay
can look mono-exponential
SNR=50

b=100,{D;, Dy} = {.01,.002} f=5
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Bi-exponential decay
SNR=50

b =1000,{D;, D>} = {.01,.002} f =5
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Diffusion data in normal human brain
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The Diffusion Signal

Signal and Distribution are
Fourier Transform pairs

5(q,7) = /P(f, T)e T dr




Representations of waves

Which coordinate system 1s most appropriate?

What 1s the symmetry of the problem?



Representations of waves

Cartesian symmetry Radial symmetry

Fourier basis functions Which basis functions?
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The Diffusion Signal

One could sample all of g-space,
but for ethiciency, we sample a shell,
so we have data on a spherical surface

P(r,7) = /5(q, 7)e'’ " dg

Not enough g data to do this integral!



Spherical Coordinates
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Representations of planar functions

Fourier decomposition:



Representations of spherical functions

® [

[=0 m=—1

Yim (6, ¢) = spherical harmonics

a;,, = spherical harmonic coefficients



SPHERICAL HARMONICS
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COlOI‘ represents phase



HARMONIC DECOMPOSITION




Orthonormal Functions

The spherical harmonics are orthonormal
They are orthogonal (perpendicular) and normalized

/dﬂ }/l;kn(ﬂ))/l’m’ (Q) — 5”/ 5mm’

) :( vab)



Orthonormal Functions

This allows us to easily calculate the coefficients,
given

ot = 49 FDY;, ()



REPRESENTATION OF SHAPES

lma,:z; — 9 lmaw = 29

Cortical surface description in terms of
spherical harmonics of maximum degree ;)4



Representations of spherical functions

the signal

oo [
S(O,0)=>_ Y 5imYim(0, )

[=0 m=—1

the angular distribution of fibers

e ® [

P(??, 90) — Z Z plelm(ﬁa 90)

[=0 m=—1



Representations of spherical functions

the signal coethcients

2T pT
s = [ [ Yi(6,0)5(6,0)sin0 d0 ds

the PDF coetficients

21 pTT
Dim = /O /O Y5 (0, 6)P(0, ¢) sin 0 df do



Orientation Distribution Function (ODF)

Funk-Radon Transtorm

ODF, (0, ¢) :/C S(60, ) sin 6 dOde
X

Tuch, et. al. MRM 2001



Orientation Distribution Function (ODF)

Funk-Radon Transform

Tuch, et. al.



Orientation Distribution Function (ODF)

o0 [
ODF4(0,0) = > 0imYim(6, 0)

[=0 m=-—I1

Anderson, et. al. MRM 2001



Orientation Distribution Function (ODF)

where
) ‘ ‘ SHD of signal
-
i = —— 2 JOEEY
So
/2 (I+ )N - J1 even|
(1 + 1)1 "=Y0 odd1
- (l—=2)-(I—4)-...4-2) [leven
(1—2)-(1—4)-...3-1) [ odd

Anderson, et. al. MRM 2001



Signal SHD

signal SHD of signal ODF



Signal SHD

b=1500 mm?2/s

b=1500 mm?2/s

SHD of signal



SHD of signal

Signal SHD

ODF

P bZISOO mmz/s

h

% b=3000 mm?2/s

signal



Signal SHD

signal ODF fiber model



ODF in normal human




Diffusion Anisotropy in standard DTI model

Fractional Anisotropy
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SPHERICAL HARMONICS

Non-physical




(8, ¢)

Laplace Series

oo  —I
Z Z Cbszzm(97¢)

[=0 m=—1
00 —1

CLOOYOO(H, ¢) -+ S: S: alm)/lm(ea ¢)
[=2 m=—I1

o0 —1
a00
-+ almmm(ev ¢)

N—— ———
1sotropic anisotropic

[ even



Generalized Diffusion Anisotropy

anisotropic component

f(8.9) ““0 Z Z @i Yim (6, )

=2 m=—I
[ even



HIGH ANGULAR RESOLUTION SAMPLING
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HARDI Simulation
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HiIGH ANGULAR RESOLUTION DTI (HARDI)




The

Anderson, MRM 54:1194 (2005)

FORECAST Model

Fiber orientation
representation o:

oy SHD of signal spherical harmonic

- fiber orientation function but with

the assum

btion of cylindrical symmetry

5(0,9)

the signal

[=0 m=-—I1

the angular distribution of fibers

00 [

P(T?, 90) — Z Z plmlflm(ﬁa 90)

[=0 m=-—I



The FORECAST Model

Assumption of cylindrical symmetry

AL 00
D=0 X 0
0 0 X

Anderson, MRM 54:1194 (2005)
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The FORECAST Model
L 0 2 4 6 8

Angular point spread function

Higher order gives higher resolution but is more
sensitive to noise as the coethicients are smaller

Anderson, MRM 54:1194 (2005)



The FORECAST Model

signal  FORECAST ODF ~ SHD of Dapp

l

g-Ball ODF standard DTI

fiber angular distribution

via FORECAST

Anderson, MRM 54:1194 (2005)



The CHARMED Model

Restricte

Hindered

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

E(q,A) = fnEn(q, A +Zf“7EJ (¢, A)

/ AN ~
Signal decay Hindered decay Restricted decay

hindered volume fraction restricted volume fraction

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

Assume cylindrical symmetry

N
D=0 X O

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

hindered

restricted

Assume Yy lindrical symmetry Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

Decoupling of D) and D in restricted compartment

Er(q,A) = /F(T,A)eiq'rdr

~

PR(’P, A) — PJ_(TJ_, A)PH(’I“H,A)

N

ER(C], A) =F, (qJ_7 A)EH (q E A)

Assaf, et. al. MRM 52:965 (2004)




The CHARMED Model

Form of £ and £, in restricted compartment

Ey(gy,A) = 477 q) 77Dy

T=A—-46/3

messy !

/

Ei(q,,A) = e/P1) = restricted diffusion in a cylinder (Neuman)

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

Form of E} in hindered compartment

Eh(qu) _ 6—47727'th€1
q=4q,+4q,

Eh(q, A) — 6_47727(“1“|2/\||+|qL|2M)

Assaf, et. al. MRM 52:965 (2004)






31 Directions 20 Directions 15 Directions 6 Directions

Restricted
Only
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31 Directions 20 Directions 15 Directions 6 Directions

Combined

Restricted
Only
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The CHARMED Model

one hindered one hindered
(1.e., standard DTI)  one and two restricted

Assaf, et. al. MRM 52:965 (2004)



The CHARMED Model

Three conhigurations

hina
hina

erea
erea

hina

erea

and no restricted (n=0)

and one restricted (n=1)
and two restricted (n=2)

Assaf and Basser, Neuroimage 27:48 (2005)



Assaf and Basser, Neuroimage 27:48 (2005)

The CHARMED Model

10 shells of b-values from 0-10,000 s/mm”2,

from 6 directions (inner shell) to 30 directions (outer shell)



Assaf and Basser, Neuroimage 27:48 (2005)

The CHARMED Model

Hindered component Restricted component



Assaf and Basser, Neuroimage 27:48 (2005)

The CHARMED Model

Directionality Map

Corpus callosum Cingulum A+B



Assaf and Basser, Neuroimage 27:48 (2005)

The CHARMED Model
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The CHARMED Model

Restricted Hindered

Mean diffusivity FA

Assaf and Basser, Neuroimage 27:48 (2005)



HETEROGENEOUS VOXELS
AND HIGH ANGULAR RESOLUTION SAMPLING




Quasi-realistic HARDI simulation




The interplay of Parameters

G = 4.000 G/cm G = 5.657 G/icm G = 8.000 G/cm

K

b = 4458 s/mm2

A = 60000 ms

b = 8916 s/mm?2
b = 2229 s/mm?

4* . .
' b = 17832 s/mm?2

b = 8916 s/mm2
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b = 4458 s/mm2

<
b = 35664 s/mm2

b = 17832 s/mm?2

A = 274500 ms

b = 8916 s/mmz2




HiIGH ANGULAR RESOLUTION DTI (HARDI)




HiIGH ANGULAR RESOLUTION DTI (HARDI)




END



NEXT LECTURE

A General Approach to DTI
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What if HARDI doesn’t show anisotropy?

Anisotropy on the microscopic scale requires “multiple scattering’!-2

(c). Ensemble

|. Ozarslan, J. Magn. Reson. 199 (2009)
2. Ozarslan and Basser, |. Chem. Phys. 128 (2008)



