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Cancer Mortality and Screening
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Mammography:
Standard of Care
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Doheny: Design
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Gantry Views System views 13



Computer aided design / computer aided manufacture (CAD/CAM)

Doheny 2014
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Bodega 2007




Doheny: Mechanical Fabrication




Doheny: Wirin
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Software: Hardware Integration
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PET head 2
Flat panel actuator
detector
PET head 2 DOHENY
PET head 1
X-ray tube
vertical
PET head 1 actuator Peymon
actuator -
Gantry motor / bearing
& angle encoder X-ray
tube

N
X-ray / ﬂ

generator

Filter and Collimator
stepper motors

Heat exchanger
console computer recon computer 19



Breast CT: Technology development and clinical potential

#» Technology Development

Calibration
Software



Calibration(s)

Felkamp Reconstruction Module

Projection | Pre-processing ..,  Fourier

Images

Filtering

— Back
| Projection

- Reconstructed
CT volume

Detector Gain Calibration
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Detector calibration: Flat field correction

4 )

Raw Image

&= CMOS
i*“]" tube detector
3.14 million detector elements \& /
e o o
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Automatic acquisition (QC software) of 11 different exposure levels to detector (each with 100 averaged images)
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Detector calibration: Flat field correction

Raw Image
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Detector calibration: Flat field correction

L%, Y orr
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Detector calibration: Flat field correction

Raw Image

Corrected (flat fielded)
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Calibration(s)

Felkamp Reconstruction Module

| |
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Geometric calibration: System — software

detector plane
el ‘ P
................................... @
X
_ D+u, -sing 1 _ D+u, -sing
Uy yc’bj * C ' > Vipr = Zobj' ) C
+ X, cos ¢ +x,,

LO00@® 00000000 000e |

27



Geometric calibration: System — software

X

center ray

_<

center ray

AX

Physical scanner geometry === Reconstruction algorithm
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Multi-Source X-ray to reduce Cone Beam Artifacts
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Multi-Source X-ray to reduce Cone Beam Artifacts

SIC=50cm

SID=70cm i

>
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X-ray source locations
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Cone angle: 19 degrees




Defrise Phantom: One X-Ray Source
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One X-Ray Source, Line Plot Defrise Phanton
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gray scale

Individual source acquisitions

§ 0Line Plot X-ray Source Location A
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Corgi Phantom
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Cadaver Breast
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FDK Reconstruction Code

float tempi,tempr;
double theta,wi,wpi,wpr.wr wtemp;

ntot == nn[idim];

2003 ~42 minutes

ip3:ip2xnrem;
i2rev
for (i
if (12 < i2rev) {
for (i1=i2;i1
for (i
i3rev=izreu+i3-iz;

.
~J SWAP(data[i3],data[i3reu]);
I I l I n u eS SWAP(data[i3+1],data[i3reu+1]);
J
}
ibitzip2 >> 1;
while (ibit >= ipl && i2rev > ibit) (
i2rev -= ibit;
ibit >>= 1;
]

izrev += ibit;

~20 seconds b

ifp2=ifpl << 1;
theta=isignx=6.28318530717959/(ifp2/ip1);
wtemp=sin(@.5xtheta);

-2.0xuwtempxutemp;

2010

for (i1:13;i1¢=i3+ip1-2;i1+:2) (
for (i2=i1;1i2<=ip3;i2+=ifp2) {

k1=12;
k2=k1+ifp1;
tempr=wrxdata[k2]-wixdata[k2+1];
tempiz=wrxdata[k2+1]+wixdata[k2];
data[k2]=data[k1]-tempr;
data[k2+1]=data[k1+1]-tempi;
data[k1] += tempr;
data[k1+1] += tempi:

}
)
WrE(Wtelip= ur ) <upr-Wixupi+ur;
Wizwixupr+utempxwpi+tui;

)
ifpl=ifp2;

nprev x= n;




High Scatter environment

filters breast

x-ray tube detector

Cupping Artifact
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Mathematical Flat Fielding of Breast CT images

original image segmented image
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/ filters phantom \

il
Kx—ray tube detector /

Spectral Optimization:

* Physical measurements

* Tube potential and filtration studies
» Soft tissue (adipose/glandular)

* lodine contrast (iodine/adipose)
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Spectral Optimization:
* Modeled spectra using TASMICS

e Dose calculated from Monte Carlo studies
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Contrast to Noise evaluation

Signal, (iodine)

Signal, (gland) CNR = [Msignal — Mbg] / Gbg

BG (adipose)




CNR

Soft Tissue CNR: V1 phantom
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Radiation dose is size dependent!

Frequency

X =13.4cm
c=2.0cm
Median = 13.6 cm

89 101112 13 14 15 16 1718 1920 2008 assessment on bCT images (N = 137)

Breast Diameter (cm)

2001 tape measure results (N = 200) 30

|
Frequency

0
!
h 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Breast diameter (cm) 49



Monte Carlo Assessment of Dose Deposition

monoenergetic functions
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Breast CT Dose (UCD) equivalent to 2-view mammography

— Radiation Dose (2003)

A comprehensive analysis of DgN.; coefficients for pendant-geometry

p (@) Iyen erg et| C fu N Ct| ons cone-beam breast computed tomography

J. M. Boone?
Department of Radiology, U.C. Davis Medical Center; 4701 X Street, X-ray Imaging Laboratory
and Department of Biomedical Engineering, Sacramento, California 95817

N. Shah

Department of Radiology, U.C. Davis Medical Center; 4701 X Street, X-ray Imaging Laboratory,
Sacramento, California 95817
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219 Breast CT data sets
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Six phantoms (V1-V6)

Largest 5

L 1St znd 3rd 4th Sth
breasts

N =219 : ~ 5 sets of 43

Mean volume and shape in each quintile
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Monte Carlo Assessment of Dose Deposition

realistic breast shaped modeled
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Average glandular dose coefficients for pendant-geometry breast CT using

realistic breast phantoms

Andrew M. Hernandez

Department of Radiology, Biomedical Engineering Graduate Group, University of California Davis, Sacramento, CA 95817, USA

John M. Boone®
Departments of Radiology and Biomedical Engineering, University of California Davis, Sacramento,

(Received 17 March 2017; revised 6 June 2017; accepted for publication 26 June 2017,
published 20 August 2017)
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The effect of skin thickness determined using breast CT on mammographic
dosimetry

Shih-Ying Huang, John M. Boone,? and Kai Yang

Department of Biomedical Engineering, University of California, One Shields Avenue, Davis,

California 95616 and Department of Radiology, X-Ray Imaging Laboratory, U.C. Davis Medical Center,
4701 X Street, Sacramento, California 95817

Alexander L. C. Kwan
Department of Radiology and Diagnostic Imaging, Division of Imaging Sciences, Research Transition
Facility, University of Alberta, 8308-114 Street, Room 4105, Edmonton, Alberta ToG 2E1, Canada

Nathan J. Packard

Department of Biomedical Engineering, University of California, One Shields Avenue, Davis,

California 95616 and Department of Radiology, X-Ray Imaging Laboratory, U.C. Davis Medical Center,
4701 X Street, Sacramento, California 95817

(Received 24 October 2007; revised 15 January 2008; accepted for publication 17 January 2008;
published 6 March 2008)
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The characterization of breast anatomical metrics using dedicated

breast CT

Shih-Ying Huanga) and John M. Boone®

Department of Biomedical Engineering, University of California—Davis, One Shields Avenue, Davis,
California 95616 and Department of Radiology, University of California—Davis Medical Center,
4860 Y Street, Ambulatory Care Center Suite 3100, Sacramento, California 95817

Kai Yang

Department of Radiology, University of California—Davis Medical Center, 4860 Y Street,
Ambulatory Care Center Suite 3100, Sacramento, California 95817

Nathan J. Packard
Carestream Health, Inc., 1049 West Ridge Road, Rochester, New York 14615

Sarah E. McKenney and Nicolas D. Prionas

Department of Biomedical Engineering, University of California—Davis, One Shields Avenue,

Davis, California 95616 and Department of Radiology, University of California—Davis Medical Center,
4860 Y Street, Ambulatory Care Center Suite 3100, Sacramento, California 95817

Karen K. Lindfors
Department of Radiology, University of California—Davis Medical Center, 4860 Y Street,
Ambulatory Care Center Suite 3100, Sacramento, California 95817

Martin J. Yaffe
Sunnybrook Health Sciences Centre, 2075 Bayview Avenue, S-Wing, Room 56-57,
Toronto, Ontario M4N 3M5, Canada

(Received 17 September 2010; revised 23 February 2011; accepted for publication 24 February 2011;
published 28 March 2011)

Glandular tissue distributions (sagittal plane)

Glandular tissue distributions (coronal plane)
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Modeled Radial Glandular Fractions in compressed phantoms
—> Mammography Dosimetry
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Validating Methodology
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DgN(E): homogeneous vs. heterogeneous
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Breast dose in mammography is about 30% lower when realistic
heterogeneous glandular distributions are considered

Andrew M. Hernandez?
Biomedical Engineering Graduate Group, University of California Davis, Sacramento, California 95817

J. Anthony Seibert and John M. Boone
Departments of Radiology and Biomedical Engineering, Biomedical Engineering Graduate Group,
University of California Davis, Sacramento, California 95817

(Received 22 April 2015: revised 11 August 2015:; accepted for publication 15 September 2015
published 9 October 2015)
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realistic breast shaped modeled

pDgN cT (mGy/mGy)

Back to Breast CT Dosimetry

Updated breast CT dose coefficients (DgNCT) using patient-
derived breast shapes and fibroglandular distributions

Submitted to Medical Physics Sept 2018
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Performance Metrics
Spatial Resolution

1.0
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spatial resolution modeling
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Yang et al., Computer modeling of the spatial resolution properties of a dedicated breast CT system, Med Phys 2008
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Engineering impacts resolution
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Engineering impacts resolution pulsedacquisition (4 ms)
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Engineering impacts resolution puisedacquisition (4 ms)
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Engineering impacts resolution
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1.0
0.9 -
0.8 4
0.7 4
0.6 4
0.5 4
0.4 4
0.3 1
0.2 4
0.1 4
0.0

pulsed acquisition (4 ms)

oo
Seee

Doheny
2014
Cambria Edge of FOV

Bodega 2011

2007

’
-
-

0.0

|

|
| !
o : ' I
| 1.0 20 30 |
|

|
: |
| :

Spatilal Frequency (Ip/mm)
|

0.8 mm1 1.8 mm! 3.4 mm1

40

72



Breast CT: Technology development and clinical potential

Introduction
Technology Development
Radiation Dose Assessment

™= Image Quality Metrics N O i S e POwe r

Clinical Observations

Observer Performance S p e Ct ra

Other Cool Spinoffs

Summary



Performance Metrics
Contrast Resolution

total noise
(variance)

|

NPS(f) = N

-

_—

PSq(f) + NPS,(f)

anatomical noise

guantum noise
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Contrast Resolution: NPS measurements

coronal

sagittal

cone angle
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Noise Power Spectrum (NPS) measurements (Bodega)

.~ RECON algorithm
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Yang et al., Noise power properties of a cone beam CT system for breast cancer detection, Med Phys. 2008

76



Noise Power Spectrum (NPS) Analysis

* Detrending using image subtraction with identical parameters

K(x,y) =Ia(x,y) — In(x,y)

32 ROIS [128 x 128]

‘ 2
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Noise Power Spectrum (NPS) Analysis
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Breast CT: Technology development and clinical potential

Clinical Studies

BIRADS 4 and 5 women (headed to biopsy)

>600 patients imaged over several clinical trials

~275 patients with iodine contrast

Past: (1024 x 768) 500 views over 360° 512 x 512 X N reconstruction
Now: (2048 x 1536) 500 views over 360° 1024 x 1024 x N reconstruction

150 um isotropic voxels



second volunteer imaged: January 2005 85



first breast cancer imaged: January 2005
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bCT (no Injected contrast)




PRE CONTRAST

POST CONTRAST

bCT (with contrast)
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Contrasted Enhanced breast CT

Pt 160

Malignant

benign
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Pt 138

Invasive Mammary Carcinoma
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Clinical
Example 1:
Masses

IDC with met
to Lymph Node

\ ‘
R MLO RMLO | Axial
DM DBT ‘

1/60



Clinical
Example 2:
Masses

T1 Fat sup 90 sec post contrast

QMO sec post contrast




Clinical

Example 3
calcs

Mammogram



Clinical
Example 4:
more calcs

CE-bCT

DCIS and IDC




Temporal subtraction contrast-enhanced
dedicated breast CT

Peymon M Gazi'?, Shadi Aminololama-Shakeri’, Kai Yang’
and John M Boone'*?

! Department of Biomedical Engineering, University of California, Davis.
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Pre-contrast bCT

deformable

/ registration x

o

D(p) = M(p)—F(p))

(VFE(plc(p)

VM(p))

Post-contrast bCT

Intensity difference adaptive DEMONS (IDAD)

Hv F(p)le(pf+ V M(p)

4!

M(p)— F(p)I?

k2

subtraction

c(p) = intensity difference correction factor

~

J
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Pre-contrast bCT

deformable
reglstratlon

o

D(p) = M(p)—F(p))

(VFE(plc(p)

VM(p))

HVF(;;)JrVM{p) +

k2
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Post-contrast bCT
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Burgess, et al (2001)
Anatomical Noise

NPS,(f)=a fP

-

total noise anatomical noise

( f guantum noise

NPS(f) = NPS,(f) + NPS,(f)

A. E. Burgess, F. L. Jacobson, and P. E. Judy, “Human observer detection

experiments with mammograms and power-law noise,” Med. Phys. 28,
419-437 (2001). 104
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NPS(f) = NPS,(f) + NPS(f)

Coronal View
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Breast CT, Tomosynthesis, and Mammography Texture Comparisons
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Anatomical complexity in breast parenchyma and its implications for optimal

Use breaSt CT images to breast imaging strategies

Lin Chen

Biomedical Engineering Graduate Group, University of California Davis, Sacramento, California 95817

generate images of

Department of Psychology, University of California Santa Barbara, Santa Barbara, California 93106
Anita Nosratieh

e (]
d 'ffe ren t th ' Ckn ess Biomedical Engineering Graduate Group, University of California Davis, Sacramento, California 95817
Karen K. Lindfors

Department of Radiology, University of California Davis, Sacramento, California 95817

John M. Boone®
Department of Radiology, University of California Davis and Department of Biomedical Engineering,
University of California Davis, Sacramento, California 95817
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Anatomical complexity in breast parenchyma and its implications for optimal

Use breaSt CT images to breast imaging strategies

Lin Chen

Biomedical Engineering Graduate Group, University of California Davis, Sacramento, California 95817

generate images of

Department of Psychology, University of California Santa Barbara, Santa Barbara, California 93106
Anita Nosratieh
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d 'ffe ren t th ' Ckn ess Biomedical Engineering Graduate Group, University of California Davis, Sacramento, California 95817
Karen K. Lindfors

Department of Radioloev. Universitv of California Davis, Sacramento, California 95817

John M. Boone®
Department of Radiology, University of California Davis and Department of Biomedical Engineering,
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Comprehensive assessment of the slice sensitivity profiles in breast
tomosynthesis and breast CT

Anita Nosratieh
Biomedical Engineering Graduate Group, Department of Radiology, University of California,
Davis, California 95817

Kai Yang and Shadi Aminololama-Shakeri
Department of Radiology, University of California, Davis, California 95817

John M. Boone?
Department of Radiology and Department of Biomedical Engineering, University of California,
Davis, California 95817

(Received 2 February 2012: revised 12 October 2012; accepted for publication 15 October 2012;
published 26 November 2012)
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Tomographic slice thickness as a function of angle and object size




Tomographic slice thickness as a function of angle and object size

tomosynthesis system
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Breast CT, Tomosynthesis, and Mammography Texture Comparisons
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Computer (PWMF) Observer Performance

Effect of slice thickness on detectability in breast CT using a prewhitened
matched filter and simulated mass lesions

Nathan J. Packard Slgnal Known ExaCtly (SKE)

Carestream Health Inc., Rochester, New York 14615

Craig K. Abbey
Department of Psvchology, University of California, Santa Barbara, California 93106

Kai Yang Evaluated versus slice thickness
Department of Radiology, University of California Davis Medical Center, Sacramenio,

California 95517 (from 0.4 mm to 44 mm)

John M. Boone®

Department of Radiology, University of California Davis Medical Center, Sacramento, California 95817 and I I

Department of Biomedical Engineering, University of California, Davis, California 95616

(Received 11 April 2011; revised 22 December 2011; accepted for publication 25 January 2012; b CT
published 14 March 2012)
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Real breast CT data sets (N=151) Simulated Spherical Lesions
from 1 mm to 15 in diameter



Simulated lesion insertion into real breast
o CT data sets with different slice thickness
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Pre-whitened Matched Filter
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sensitivity

For each bCT data set:
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Observer Performance
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2-Alternative Forced Choice Design
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Contents lists available at ScienceDirect
RADIOLOGY

European Journal of Radiology

X

journal homepage: www.elsevier.com/locate/ejrad

Differentiation of ductal carcinoma in-situ from benign

micro-calcifications by dedicated breast computed tomography

Shadi Shakeri Karen Lindfors
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B. Enhancement ROC Curve
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Image Segmentation

air segmentation 1
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air K

skin
adipose
glandular

[terative 7-point 3D median

filter / two-means clustering
3D segmented data set analysis



Classification of breast computed tomography data

Thomas R. Nelson? and Laura . Cervifio
Department of Radiology, University of California, San Diego, La Jolla, California 92037-0610

John M. Boone and Karen K. Lindfors

University of California Davis Medical Center, 4860 Y Street, Ambulatory Care Center Suite 3100,
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(Received 25 September 2006; revised 10 January 2008; accepted for publication 11 January 2008;
published 26 February 2008)
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An unsupervised automatic segmentation algorithm for breast tissue
classification of dedicated breast computed tomography images

Marco Caballo
Department of Radiology and Nuclear Medicine, Radboud University Medical Center, PO Box 9101, 6500 HB Nijmegen,
The Netherlands

John M. Boone
Department of Radiology and Biomedical Engineering, University of California Davis Health, 4860 “Y” street, suite 3100 Ellison
building, Sacramento, CA 95817, USA

Ritse Mann
Department of Radiology and Nuclear Medicine, Radboud University Medical Center, PO Box 9101, 6500 HB Nijmegen,

The Netherlands

loannis Sechopoulos®
Department of Radiology and Nuclear Medicine, Radboud University Medical Center, PO Box 9101, 6500 HB Nijmegen,

The Netherlands
Dutch Expert Center for Screening (LRCB), PO Box 6873, 6503 GJ Nijmegen, The Netherlands

(Received 18 December 2017; revised 27 February 2018; accepted for publication 4 April 2018;
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Breast Density Analysis

segmentation

glandular

= %
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risk assessment & dosimetry

validation of 2D approaches (M. Yaffe)
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Breast Density (amplitude)

The myth of the 50-50 breast N S '
M. J. Yaffe? - .
Sunnybrook Health Sciences Centre, University of Toronto, Toronto, Ontario M4N 3M35, Canada Segm entatlon
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Breast Density (amplitude)
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2.5% loss in breast density every decade
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Beam Shaping Filter —

20,000
£ VA
2 o 15,000
10,000
5,000
0

NO FILTER

— 3D BMF

V3 Phantom



Six phantoms (V1-V6)

Largest 5

L 1St znd 3rd 4th Sth
breasts

N =219 : ~ 5 sets of 43

Mean volume and shape in each quintile
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* Physical Dosimetry
* Image Quality Assessment

 Mold for breast immobilization

Aquaplast® hot water bath molding breast immobilizer
thermoplastic
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Breast Immobilization & Beam Equalization
' Breast Alignment System
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Titanium 3D Beam Modulation Filter

Ti (mm)
— 4.0 e
I 3.5
3.0 2 «
- 125 "
2.7cm
- 120 ”
%
1.0 _g”
> 0.5 .
source-to-filter distance = 8 cm
V3 phantom

144



Implementation on bCT Platform

modulation filter

breast

detector

X-ray tube

collimator
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Clinical Workflow

Find mold that best
fits patient’s breast

Select corresponding 3D-
BMF

Set technique factors for
pre-defined dose level
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MC Simulation Results: Projection
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MC Simulation Results: Projection
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MC Simulation Results: SPR
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MC Simulation Results: SPR
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MC Simulation Results: Glandular Dose

* Normalized to number of quanta reaching detector under thickest

region of the breast:

mGy / 10° photon
V1
V3
V5

No Filter
26
45
56

3D BMF
17
25
34

Change
-34%
-45%
-40%
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Breast CT: Technology development and clinical potential

Introduction
Technology Development
Radiation Dose Assessment

Image Quality Metrics

Clinical Observations

Observer Performance

The Preast Tomographg Froject

Other Cool Spinoffs @

- S u m m a ry University of California, Davis




texture

Signal
Background
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Summary:

* Breast CT has superior mass detection than mammography, based

upon texture ana

* CE breast CT high

ysis, computer anc

ights malignant ca

equivalent to CE-breast MRI

human observer studies

cifications and is likely

* Breast CT is FDA approved for diagnhostic breast imaging, need to
push the technology to achieve superior screening performance

* Breast CT is an emerging technology which will have an important
role in reducing breast cancer mortality in the near future.
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Future Work:

 Implement beam shaping filter with breast immobilization system

 Compare high resolution non-contrast bCT with mammography for
microcalcification detection performance

e Compare CE-bCT with CE-breast MRI for cancer detection
performance
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Preast Tomographg Frojcct
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