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Phase-Attenuation Duality
And Phase Retrieval

» Phase contrast imaging theory based on
Wigner distributions

e Phase-Attenuation Duality

e Single-image phaseretrieval with for
Inhomogeneous soft tissue



Maodeling of Phase |maging

e An object iIsmodeled by :

Hp (A)) A (F)e"

T(r)= exp( 1)(17)—




X-ray Phase Change

Refractive | ndex Decrement

5=(ITN(Z+ )




Phase-Space For mulation for Phase | maging

« Wigner Distribution
W(F,0;2) = | I(F+§/2,F —§/2;2)exp(i 27 - G)d

Isthe M utual I ntensity of X-ray Wave

- Phase-space evolution:  Solvefor Louiville
Equation

W(r,ui;R+R)=W(r-ARU,U; R)



Phase-Contrast Theory based on Wigner Distribution

(7R +R) = [W(F,0; R +R,)dii = [W(F - ARy, U; R )di

[(G/M;R +R)= 1,4, (AR,T/ M) OTF, (T / M) x
{Cos(mleUZ / |v|)- (FT(Ag) —i(AR,/ M)U- FT(¢VA§))+
23in(7z/1R202/ M)- (FT(A§¢) +i(AR,/ 4AM)U - FT(VA@))
oX. Wu and H. Liu, Med. Phys. 31 (2004)




Formula For Intensity of Phase-Contrast |mage

In Cases With 74 R, U2/ M << 1

( 4Ry RZ)— I.nu.nﬁ';z”)oma(a)

{(F(M—u Rog. F(¢VAO>)+2””“R2 F(Ao¢)}

WALTEONEN /. (AR,U/M )OTF,, (U/M)=1

thistheory isreduced to the T|E-based theories:.
Paganin& Nugent, PRL, 80 (1998)



Phase Retrieval

In general at |least two images ar e needed

The Attenuation Image

ThePhase-Contrast Image  [N(UHAEARY!




Miultiple-image Approaches

o Multiple exposuresacquired
at multiple distances

 Oneexposurewith dual
detectors

| o Seriesshort exposures of
Detector 1 single photon-eventsto get
ener gy-resolved images

S
Detector 2




Drawbacks of M ultiple-image
Approaches

e Radiation doses

US FDA Limit on glandular doseto
breast:

3 mGy for a4.2 cm breast of 50%
adipose and 50% glandular tissue

e Motion artifact

 Hard toimplement for quantitative
phase tomography

Bronnikov, JOSA, A19 (2002).




Single-lmage Phase-Retrieval:
Single-Material Objects

- For a homogeneous object of single material

(7)o |n(A§ (r))oc T(7)

Paganin, Mayo, Gureyev, et al. J. Micre. 206/ (2002).
 Phase map isreduced to the projected
thickness map



X-Ray Phase and Attenuation

- Phase and attenuation are closely related

/n clinical imaging 10 keV < E < 150 keV
Tissue attenuation results from:

*Photoelectric absor ption
| ncoherent scattering
*Coherent scattering



Soft Tissues Attenuation

o SOft tissue attenuation decreases with x-ray.
energy for E > 10 keV

» For X-raysof 60 keV < E <500 keV

o X-ray crosssection isapproximated by
that of incoherent scattering

« With Errorsof 10%-0.1% depending
on E and Z
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Attenuation-Based M ammography

o Currently the most
effective method for
early detection of breast
cancer

e Use“low energy”
photons of 18-25 keV for
Detector 1 tissue -lesion contrast

e Yet not sensitive enough

Detector 2




Phase-Attenuation Duality

e Dual relationship :
| ncoher ent Scattering
Function §(q) vs.
Coherent Scattering
Form Factor Fy(Q)

jnco 1 Cco
.0"(Z, E)zZaO'KN(E)—EaO' "(Z,E)

zZaGKN(E)

o Soft tissue' s phase
and attenuation are

¢(F’) — _jjepep (F’) all determined by

| projected tissue-

electron density

AO2 (F’) = exp(—aKNpe,p (r)) for 60 keV < E <500
keV




Klaein-Nishina Cr oss-Section

m CZ = 5.4 x 1020 m?



Phase-Contrast Imaging
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Phase Retrieval
Based on Phase-Attenuation Duality

oX. Wu H. Liurand Aimin Yan, Optics Letters 30
00)5)



Partial Coherence Effects on Phase Retrieval

« Reduced Complex Degree of Coherence

« [For anodesources: OTF for
Geometric unshar pness

e For undulator sour ces:;




Simulated I mage of Projected Electron Density
for a4cm-Thick Breast

 Hypothetical
Breast

o With very low
tissue radiographic
subject contrasts
0.72% for x-rays of
60 keV.




Simulated Image : [aY@)] With Added Noise

e Simulated
attenuation image
with added random
noisein 0.5%

e Thenoise masked
anatomical details




Simulated Phase Contrast Image: MELEAD.

e » Simulated phase-
contrast image with
T added random noise

- in 0.5%

e 60-keV X-ray

e R,=R,=1m
0.67 um pixe size




Reconstructed Phase | mage:

e Reconstructed
guantitative phase-
map for the breast

e Stable Retrieval

e Recover errors
Max 0.46%
Min 2.9 x108




Phase Retrieval
Based on Phase-Attenuation Duality.




3-D Phase Tomography: Parallel Beam




Cone Beam Phase Tomography




Conclusion

* Phase-Attenuation Duality isan
Important notion for soft tissue phase
Imaging

e Single-lmage phaseretrieval based on
Phase-Attenuation Duality is
advantageous for applications such as
clinical soft tissueimaging
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