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Dependence of Image Contrast on X-Ray Interaction
Mechanism: Compton Scattering

For Compton Scattering (CS), its
interaction cross-section ois *
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pic View of Image Object: A Sea of Electrons *

Dependence of Image Contrast on X-Ray Interaction
Mechanism: Small Angle Scattering (SAS)

For small angle scattering (SAS), its
interaction cross-section o 1-4]
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Path b

Potential Application of X-Ray Dark Fleld Imagin
Breast Cancer Imaging

Reveal micron-sized calcifications that were
invisible in clinical mammography 1

Selective imaging of calcifications and
heterogeneous tissues with significantly reduced
anatomical noise [

Noninvasive classifications of microcalcifications in
the breast [°l
Discrimination of calcium oxalates vs. calcium phosphates

Absorption

Potentially enables new exogenous contrast media

(e.g. microbubbles) without nephrotoxicity 4}
R Differential
1] Michel et al., Phys. Sio ) phase
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Potential Application of X-Ray Phase Contrast
Imaging in Breast Cancer Iimaging

Refined visualization of tumor boundaries Histoooy

Provide advanced insight into tumor morphology
or collagen architecture -3

-

Improve the visualization of subtle density
variations, spiculation, or abnormal fibrous
structures in highly dense breasts

Synchrotron-based study resulted in specificity
and sensitivity values of 94% and 81% for breast
cancer diagnosis, compared with 52% and 69%
for conventional mammography !

F ; " 3 Absorption

3. Zambelli, Phi

Synchrotron- and Benchtop-based Muiti-Contrast
Imaging Systems

Synchrotron-based

b bench-based

Motivation of Developing the Prototype System

Limitations of synchrotron- and benchtop-based studies
Improved image quality can be partially attributed to improved
x-ray beam characteristics at the synchrotron, such as
monochromaticity and finite beam size, rather than the phase
contrast mechanism itself [1]

Studies that suggest added clinical value have so far largely
been performed at dose levels and data acquisition time far
exceeding those deemed clinically acceptable [




Motivation of Developing the Prototype System

Limitations of synchrotron- and benchtop-based studies
Did not consider the compactness requirement of clinical systems
For these noncompact systems:
Longer wave propagation length - better spatial coherence
Higher Talbot order = higher phase contrast sensitivity
Quasi-parallel geometry - negligible beam divergence

Did not include mechanical vibration
Did not include gravitational sag
Incompatible with in vivo human subject studies

Motivation of Developing a Prototype System

Majority of previous works used formalin-fixed tissue specimens
Formalin fixation preserves cellular morphology but may modify other
tissue properties(i-3l

Dehydration

Change of tissue density

Loss of x-ray opacity

Demineralization (a particular problem for microcalcification imaging)
Content and Integrity of nucleic acids

Change of acidity and basicity

True clinical utility of multi-contrast imaging should be evaluated
in vivo or using fresh breast tissues

athol. 16, 400 (2012)

Overall Goal of the Project

The purpose of this work was to develop a multi-contrast breast
imaging prototype system based on a clinical FFDM system:
Compatible with clinical requirements and conditions
Compatible with in vivo human subject imaging
True clinical utility of phase contrast and dark field imaging can be evaluated

Dark Field
Contrast
Differential
Phase
Contrast

Conventional FFDM st
(Absorption Contrast) Imaging Prototype System
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Challenges and technical considerations in system design
Compact geometry
Limited spatial coverage of gratings
Radiation dose and patient safety

Compact Geometry of Mammographic Imaging Systems

Senographe
2000D

SDD
Rotating
Tube anode, dual
track (Mo/Rh)

-

kV Range 22-49

Csl indirect
s

nia Dimensions

Challengaes Introduced by Compact Goomatry: i
1. Grating Fabrication II:}

The periods of the three gratings (p,, p;, p,) are directly
- related to the source-to-detector distance (SDD) as follows

d

Hologic Selenia
Dimensions™
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Challenges Introduced by Compact Goomatry:
1. Grating Fabrication

Noncompact Challenges introduced by high grating

(benchtop) aspect ratio
system

14

37um

Height 60 um

Aspect Ratio
Pitch (p;)
40 um
10:1
4.5um
Height 50 um
Aspe

Loss of structural integrity

Challenges Introduced by Compact Geometry:
I1. The Vignetting Effect

Absorption

Phantom
Results

Fresh
Human
Mastectomy Measured fringe

Specimen visibility map

Challenges Introduced by Compact Geometry: i
I1. The Vignetting Effect W

(1) Central Rays @ (3) Critical Angle* (¢r)

i w s

Pitch (p)

Detector
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Challenges Introduced by Compact Geometry:
I1. The Vignetting Effect

The noise variance (¢?) of differential phase contrast
(DPC) image is related to the fringe visibility () by’

1

Center of 2
grating O—DPC

1
2

Right _»

edge Therefore, the rapid reduction in fringe visibility

towards the edges of the grating leads to the
0 undesirable vignetting effect

Lateral (x) position [mm]

Challenge I1I: Limited Spatiai Coverage of Singie Grating

Grating fabricated on ‘ﬂ
standard 6 inch wafer P

Y

=

cm x 19.0m

lenia Dimensions™

Other Consideration: Patient Safoty

System should withstand compression
force up to 200 N (45 Ibs)*

Potential safety hazard: sharp
components of the grating interferometer
that may contact the patient (Compression of an udder

specimen for illustration purpose)

Radiation dose consideration
e.g., MGD of the “Standard Breast” < 3 mGy*
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Technical solutions to these challenges; construction of the
prototype system

High Aspect Ratio Grating Fabrication using X-Ray
Lithography

Conventional “Top Down” approach* “ " approach™
using UV lithography lithography

X-ray

L

X-ray mask

Seed layer

High Aspect Ratio Grating Fabrication using X-Ray
Lithography

Advantages of the bottom-up approach
Bypass wet etching
Finer feature resolution Ax

Lateral dimension routinely achievable: 1 um
Accuracy: within £0.1 um from the designed

lateral dimension
Feature height routinely achievable: 80 pm

Aspect ratio achievable: > 50

http:/Awww micro-works.de
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Parameters of the Grating Intarferometer System

Grating Specifications Geometric Parameters

Gratings Distance
G1 Source to GO 5cm

Pitch (um) 4.3 Source to object 62 cm
Duty cycle (%) 50 GOtoG1 60 cm

Feature width (um) 2.15 \‘ Glto G2 5cm
2 Object to detector 8cm

Feature height (um)
Aspect ratio 5 Source to detector

Material
Diameter (cm)

FOV Entargement using Curved Grating

To machine or 3D-print the curved grating frame, the required z
resolution (Az) is related to the inplane resolution (Ax) by

[ B )ax=0.0aax

\soD )/

For a 3D printer with 50 um inplane resolution, the required z
resolution is 2 um

Az

£
G
I
]

Our solution:

SOD:

Drying and

Wood 3
softening 71 shaping

Wooden frame for bending the G2 grating (side view)

Reduction of the Vignetting Effect using Curved Grating

Experimentally measured
fringe visibility map

With flat grating With curved grating

R. Zhang et al. to-be-submitted




Reduction of the Vignetting Effect using Curved Grating

Dark field Absorption

| Flat
grating

Negligible ~I X HLN
vignetting bl i)%);';" .ﬁ{ I‘l‘,)vﬁ

| {l) i i Curved
N

191N o
%:3\&\ grating
51

i

-%5 P )

Reduction of Vignetting in Mastestomy Specimen Imaging i,",ﬁ

Acquired with flat grating Acquired with curved grating

EE T
B | ,

Absorption Phase Absorption

FOV Enlargement using Tiled Gratings

£
—
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FOV Enlargement using Tiled Gratings

Interface between Tiled Gratings

Absorption Phase Dark field

»>

Interface
One pixel

Sharp Component of the Grating Interferometer

Phase Grating Assembly

— N~

Ana\yzer Grating Assembly
— -

Pitch/roll

adjustment
h-plane rotation

11
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Concealment of Grating Intarferometer:
Customized Breast Support

Transmission rate of of scattered x-rays
primary beam > 9 < 0.1%

Construction of the Prototype System:
Step-by-Step Illustration

System Characterization: Radiation Safety

36 kV, 140 mAs
W target, Rh filter

Phantom: ACR
mammo phantom

Exposure meter:
Radcal 9095 with 6
cm? general purpose
ion chamber

Exposure of primary
beam (measured at
phantom surface)
190 mR

Units

12
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Performance of the prototype system
Phantom results
Fresh mastectomy specimen results

Fringe Visibility and System Reproducibility

Initial moiré fringe Moiré fringe recorded 60 min later

= Mean fringe
visibility: 28%

= Standard
deviation: 4%
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Multi-Contrast Imaging: Phantom Resuits

Differential Phase Dark Field

&
2%

Absorption

Multi-Contrast Tomosynthesis Images

Phase
Contrast

Absorp-
tion

Multi-Contrast Imaging: Bovine Tissue Specimen

Image object: fresh bovine specimen
The specimen is mostly composed of the

longissimus dorsi muscle
Also contains complexus and spinalis muscles
Thickness: 4 cm
S
‘

Contrast agents
AgentA: iodine (for absorption contrast)
Fresh bovine specimen Agent B: microbubbles (for dark field contrast)*

Agent C: PMMA spheres (for differential phase
contrast)

7/31/2018
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Microbubbles

e

L P & =
Absorption Contrast Dark Field Contrast Differential Phase Contrast

Protocal of Multi-Contrast Imyging Frosh Maxtoctomy Spoci

UW Health Science IRB #2016-0814
Eligibility
Female patients of all races and ethnic backgrounds
At least 18 years of age
Undergoing unilateral or bilateral mastectomy
With known biopsy-proven breast cancer

Amendment #CT014: include high-risk patients that are
undergoing prophylactic mastectomy

The fresh mastectomy specimen must arrive to Surgical
Pathology no later than 40 minutes post-resection

Breast C¥===
TEO BIOBAHK
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Image Results: Subject 1

Absorption Contrast

Image Results: Subject 2

Absorption Contrast

Image Results: Subject 3

Absorption Contrast Differential Phase Contrast

1

16



Image Results: Subject 4

Absorption Contrast

Calcification Imaging

Referent

Absorption

Ongoing Work

In vivo human subject study
Breast compression is applicable

In vivo mult-
contrast patient
® imaging

Multi-contrast
Standard of care
imaging of fresh
mastectomy [ ™9 ?xwmy
Rt specimen

Option A

Deliver to
Pathology within
40 minutes

Differential Phase Contrast

7/31/2018
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Ongoing Work

Incorporation of the photon counting detector (PCD) technology

Conventional detector PCD Conventional detector

Absorption Contrast Phase Contrast

understanding the true medical utility of multi-
contrast breast imaging under clinically-relevant conditions
motivated the development of the prototype system

The prototype was built upon clinical full field digital
mammography system with minimal modification to the data
acquisition hardware. Therefore, it automatically meets the
following clinical requirements and conditions:

Geometric compaclness

Tube power and image acquisition speed

Vertical geometry

System and building vibrations

Summary @

Major technical challenges in developing the prototype system and
corresponding solutions
Smallen grating pnch introduced by compact geometry
The p" appre h ithography and
Limited FOV introduced by finite grating area and beam divergence
Grating b 1g + tiling
Scatter radiation and sharp devices |ntmduced by gnatmg mterferometer
oncealment of all interferometer compon:
t
Phantom results
Multi-contrast imaging capability with satisfactory fringe visibility and repeatability

Initial fresh mastectomy specimen results
Compatibility with clinical mastectomy workflow
Supplementary information to absorption mammography; further image
interpretation by breast radiologists is needed

18
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Thank You
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