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Mammography:
Standard of Care

CC

CC MLO

MLO



Dedicated Breast CT
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detector

0.10 × 0.10 × 50 mm

~150 ×

Dedicated Breast CTMammography

0.15 × 0.15 × 0.15 mm
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Doheny
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Components 

Varian TFT Dexela CMOS

Kollmorgen Yaskawa

Comet X-ray Varian 1501 X-ray

Motor / bearing / encoder

Detectors

X-ray tubes
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Gantry Views System views

George 
Burkett, M.S.

Doheny: Design



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

Cambria 2011

Bodega 2007

Albion 2003

Doheny 2014
14



Albion 2004
Bodega 2007

Doheny 2015Cambria 2012
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Doheny: Mechanical Fabrication
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before

afterwards

Doheny: Wiring
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Gantry motor / bearing
& angle encoder

Flat panel 
detector

PET head 1

PET head 1 
actuator

X-ray 
tube

On-gantry
computer

PET head 2 
actuator

PET head 2

Filter and Collimator 
stepper motors

Heat exchanger

Software: Hardware Integration

19

X-ray tube 
vertical 
actuator

console computer recon computer

X-ray 
generator

DOHENY

Peymon 
Gazi, Ph.D.
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Software
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Projection 
Images

Pre-processing Reconstructed
CT volume

Fourier
Filtering

Back
Projection

Felkamp Reconstruction Module

Detector Gain Calibration

21

Calibration(s)



Detector calibration: Flat field correction

22

Raw Image

3.14 million detector elements

25 mA 35 mA 45 mA 100 mA 150 mA

Automatic acquisition (QC software) of 11 different exposure levels to detector (each with 100 averaged images)

x-ray 
tube

CMOS 
detector



Detector calibration: Flat field correction
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Raw Image

ADU(x,y) = A(x,y) + B(x,y) × K

Gain variation between dexels ≈ 48%

calibration data files
3,400,000 detector elements

x × y = 11,800,000

x × y = 3,145,728



 
 

( , ) ( , )
( , )

( , ) ( , )

raw raw

corr

I x y A x y
I x y g
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Detector calibration: Flat field correction

calibration data files
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Detector calibration: Flat field correction

Raw Image

Corrected (flat fielded)



Projection 
Images

Pre-processing Reconstructed
CT volume

Fourier
Filtering

Back
Projection

Felkamp Reconstruction Module

Geometric Calibration

26

Calibration(s)
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Geometric calibration: System → software

Y

X

detector plane
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Geometric calibration: System → software

Xcenter ray

Ycenter ray

Dx
Dy
SIC

Physical scanner geometry Reconstruction algorithm



Multi-Source X-ray to reduce Cone Beam Artifacts

Multi-source x-rays detector



Multi-Source X-ray to reduce Cone Beam Artifacts

Cone angle: 19 degrees



Defrise Phantom: One X-Ray Source

Resolvable disks
µ ≥ 0.20 [1/mm]

5.04 cm



Individual source acquisitions 



Corgi Phantom

One Source Five SourceThree Source



Cadaver Breast

One Source Difference ImageThree Source
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Post-processing
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2003

2008

2010

FDK Reconstruction Code

~42 minutes

~35 minutes

~20 seconds

>100x

36



High Scatter environment 

37

Cupping Artifact

x-ray tube detector

filters breast



2 2 2

A A A A A A A A A A A A A
   Q 1 x y z x y x z y z x y z

A A g Q β ε

original image

low order fit 

segmented image

Mathematical Flat Fielding of Breast CT images

38corrected imageoriginal image



39

capping

cupping



segmented LO fit to adiposeoriginal corrected 40
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x-ray tube detector

filters phantom

Spectral Optimization:
• Physical measurements
• Tube potential and filtration studies
• Soft tissue (adipose/glandular)
• Iodine contrast (iodine/adipose) 
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Spectral Optimization:
• Modeled spectra using TASMICS
• Dose calculated from Monte Carlo studies
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Contrast to Noise evaluation

BG (adipose)

Signal1 (iodine)

Signal2 (gland)
CNR = [Msignal – Mbg] / sbg



0.254 Er

0.254 Er
0.254 Er

Soft Tissue CNR



0.254 Er 0.254 Er

0.254 Er
Iodine CNR
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Phase 1:
Cylinders
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2001 tape measure results (N = 200)

2008 assessment on bCT images (N = 137)

X = 13.4 cm

s= 2.0 cm

Median = 13.6 cm

Radiation dose is size dependent!
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Monte Carlo Assessment of Dose Deposition

X-ray Energy (keV)

0 20 40 60 80 100

u
G

y
 p

e
r
 m

il
li
o

n
 p

h
o
t
o

n
s

0

10

20

30

40

50

SIC=45 cm  FOV=20 cm

50% glandular/50% adipose

monoenergetic functions
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18 cm diabreast modeled as a cylinder
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Breast CT Dose (UCD) equivalent to 2-view mammography

Radiation Dose (2003) 

polyenergetic functions

Tube Voltage (kVp)

40 60 80 100 120

D
o
s
e

 p
e
r
 K

e
r
m

a
 (

m
G

y
/m

G
y
)

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1



Introduction

Technology Development

Radiation Dose Assessment

Image Quality Metrics

Clinical Observations

Observer Performance

Other Cool Spinoffs 

Summary

Breast CT: Technology development and clinical potential

Phase 2:
Breast Shapes
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219 Breast CT data sets categorized by breast volume

placed into 5 groups (43 per)

Each group used to 

compute median shape

V1 – V2 – V3 – V4 – V5
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Six phantoms (V1-V6)

1st 2nd

N = 219 : ~ 5 sets of 43

Largest 5 
breasts

3rd 4th 5th

Mean volume and shape in each quintile



55

Monte Carlo Assessment of Dose Deposition

monoenergetic functions

realistic breast shaped modeled



56MC-derived monoenergetic DgNCT values

geometric model

spectral model(s)

Polyenergetic DgNCT values
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Phase 3:
Skin & density 
distributions
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Computed skin thickness for 100 women

Skin thickness ~ 1.5 mm 
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bra cup size:
A,B,C,D

A B C D

A B

C D

Glandular tissue distributions (sagittal plane)

Glandular tissue distributions (coronal plane)



Modeled Radial Glandular Fractions in compressed phantoms
→ Mammography Dosimetry
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rVGF º  VGF for a given contoured region

max rVGFmin rVGF
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HOMOGENEOUS
(VGF = 20%)

SPATIALLY-INDEPENDENT HETEROGENEOUS
(VGF = 20%)

y = 0.999x – 0.0001

R 2 = 0.999

Validating Methodology

all glandular tissue

all adipose tissue

mix of glandular and adipose tissue



DgN(E): homogeneous vs. heterogeneous
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realistic breast shaped modeled

Updated breast CT dose coefficients (DgNCT) using patient-

derived breast shapes and fibroglandular distributions

Submitted to Medical Physics Sept 2018

Back to Breast CT Dosimetry
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Spatial 
Resolution



Performance Metrics
Spatial Resolution

67

M
TF

Spatial Frequency (mm-1)

PSF(x,y)Image a 70 mm wire

( ) ( , )LSF x PSF x y dy 
2( ) ( ) ifxMTF f dx LSF x e   
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Yang et al., Computer modeling of the spatial resolution properties of a dedicated breast CT system, Med Phys 2008 

detector lag

gantry rotation

detector MTF focal spot size 

spatial resolution modeling 

number of views

 1 1 2 2 3 3( ) (1 exp( / )) (1 exp( / )) (1 exp( / ))g t f A a t T a t T a t T             
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Engineering impacts resolution

Center of FOV

Edge of FOV

Bodega

Bodega



70

Engineering impacts resolution

Center of FOV

Edge of FOV

Cambria

Cambria

pulsed acquisition (4 ms)
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Engineering impacts resolution

Center of FOV

Edge of FOV

Doheny

Doheny

smaller dexels

pulsed acquisition (4 ms)
+ higher resolution detector
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Engineering impacts resolution pulsed acquisition (4 ms)

Edge of FOV

Doheny
2014

Cambria
2011

0.8 mm-1 1.8 mm-1 3.4 mm-1

Bodega
2007
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Noise Power 
Spectra



Performance Metrics
Contrast Resolution

74

total noise

(variance) anatomical noise

quantum noise

NPS(f) = NPSa(f) + NPSq(f)

quantum noise
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cone angle

coronal sagittal

Contrast Resolution: NPS measurements

axial
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Slice Thickness

x-ray tube mA

RECON algorithm

Shepp-Logan

RECON algorithm

Ramp

Near-Neigh

Bilinear

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

Noise Power Spectrum (NPS) measurements (Bodega)



Noise Power Spectrum (NPS) Analysis
• Detrending using image subtraction with identical parameters

• Compute the 2D NPS from an ensemble of ROIs 

77

𝜎2 = 𝑁𝑃𝑆 𝑓𝑥 , 𝑓𝑦 𝑑𝑓𝑥 𝑑𝑓𝑦



Noise Power Spectrum (NPS) Analysis

78
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Preliminaries



Before Patient Imaging

81
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True 3D 
Display !

Nathan Packard
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Breast CT 
images



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 360o 512 x 512 x N reconstruction

Now: (2048 x 1536) 500 views over 360o 1024 x 1024 x N reconstruction

150 um isotropic voxels

Breast CT: Technology development and clinical potential
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296

second volunteer imaged: January 2005



86first breast cancer imaged: January 2005
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bCT (no injected contrast)
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PRE CONTRAST POST CONTRAST

PRE CONTRAST POST CONTRAST

bCT (with contrast)



89Pt 160

Contrasted Enhanced breast CT
pre

pre post

post

Malignant

benign



2010

DHU AUC = 0.87
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Dedicated breast PET/CT

Whole-body PET/CT

Pt 138

Invasive Mammary Carcinoma
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clinical 
comparisons



R MLO

DM

Coronal

Axial

Sagittal

IDC with met 

to Lymph Node
R MLO

DBT

Clinical 
Example 1:
Masses



T1 Fat sup 90 sec post contrastCT 240 sec post contrast

CE-bMRICE-bCT

Clinical 
Example 2:
Masses



CEbCT

bCT

b.

c.

d.

f.

g. e.

a.

Clinical 
Example 3:
calcs

mammogram



MLO 
DBT

DCIS and IDC

Coronal Sagittal

Axial

Clinical 
Example 4:
more calcs

CE-bCT
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Post-contrast bCT
(time 90 secs)

Pre-contrast bCT
(time 0)
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Post-contrast bCTPre-contrast bCT

deformable 
registration subtraction

c(p) = intensity difference correction factor

Intensity difference adaptive DEMONS (IDAD)
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Post-contrast bCTPre-contrast bCT

deformable 
registration subtraction

c(p) = intensity difference correction factor

Intensity difference adaptive DEMONS (IDAD)
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Subtraction 
Examples

better 
quantitation
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Anatomical 
Noise
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total noise anatomical noise

quantum noise

NPS(f) = NPSa(f) + NPSq(f)

Burgess, et al (2001)

NPSa(f) = a f -b

anatomical noise

Anatomical Noise
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mammo

tomo

Breast CT

Hanning filter 2D-NPS

S/n

NPSa(f) = a f -b

b

anatomical

quantum



NPS(f) = NPSa(f) + NPSq(f)

NPSa(f) = a f -b

b slope

106

anatomical noise



Breast CT, Tomosynthesis, and Mammography Texture Comparisons

breast CT mammographytomosynthesis

N = 23 pts
1000 ROIs per image type

107



bCT

mammo

108

Use breast CT images to 
generate images of 
different thickness



bCT

mammo

109

Use breast CT images to 
generate images of 
different thickness



coronal view
axial view (~cc)

breast CT

mammo

110

tomographic x-ray breast images lose their 
3D texture properties when t > 3 mm  

2D images

3D images



Anita
Nosratieh



Tomographic slice thickness as a function of angle and object size

z



Tomographic slice thickness as a function of angle and object size

Measured on our 
breast CT scanner

Measured on a commercial breast
tomosynthesis system

FWHM (0 mm disk) ~ 8 mm

15o



coronal view
axial view (~cc)

breast CT

mammo

2D images

3D images

tomo



Breast CT, Tomosynthesis, and Mammography Texture Comparisons

breast CT mammographytomosynthesis

N = 23 pts
1000 ROIs per image type

115



Mammography

0 mm

55 mm



Breast CT Images

0 mm

55 mm



Tomosynthesis

0 mm

55 mm
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Computer 
Observer



Computer (PWMF) Observer Performance

120

Real breast CT data sets (N=151) Simulated Spherical Lesions
from 1 mm to 15 in diameter

Signal Known Exactly (SKE) 

Evaluated versus slice thickness 
(from 0.4 mm to 44 mm)

bCT “mammo”



Simulated lesion insertion into real breast 
CT data sets with different slice thickness

DI

Modulation
(blurring)

Lesion
Intensity

no lesion

other lesion insertion models

our model

adaptive lesion insertion model
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FT{S(x,y)}

PS(fx,fy)
PWMF = FT-1

Pre-whitened Matched Filter

mammography

breast CT

S(x,y): 1000 samples

PS(x,y): 1000 samples

For 9 slice thicknesses 

From 0.3 to 44 mm
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Breast CT

“mammography”

Pre-whitened Matched Filter (PWMF) Performance
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Human 
Observers
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2-Alternative Forced Choice Design

CT images Projection images

~6000 lesions: 

average of 3 breast imaging radiologists



PWMF

3 RADs

PWMF

Breast CT

“mammography”

3 RADs

Soft tissue lesions modeled – microcalcification 

evaluation yet to be performed



2010

DHU AUC = 0.87
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AUC = 0.87

Shadi Shakeri Karen Lindfors

AUC = 0.95



ROC performance plots for CE-bCT

Reader 1: AUC = 0.98 ± 0.022; 

Reader 2: AUC = 0.92 ± 0.042 

Performance was significantly higher for the 

radiologists compared to the enhancement values 

alone (AUC of 0.94 compared to 0.85, p < 0.026). 

Comparison of the AUC from 

measured lesion enhancement to the 

average AUC of the two readers 
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Image Segmentation

Iterative 7-point 3D median 
filter / two-means clustering 
analysis

air segmentation

3D segmented data set

air

skin
adipose

glandular
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135



136

risk assessment & dosimetry

validation of 2D approaches (M. Yaffe)

%

Breast Density Analysis

segmentation

glandular

adipose
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Breast Density (amplitude)

segmentation

validation
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N = 2831

Median VBD = 16%

Breast Density (amplitude)

50% / 50%
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2.5% loss in breast density every decade



Notes:
V3 Phantom

Beam Shaping Filter

NO FILTER

3D BMF

20,000

15,000

10,000

5,000

0

2D-filter

detector
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Six phantoms (V1-V6)

1st 2nd

N = 219 : ~ 5 sets of 43

Largest 5 
breasts

3rd 4th 5th

Mean volume and shape in each quintile



hot water bath molding breast immobilizerAquaplast®
thermoplastic

142

• Physical Dosimetry

• Image Quality Assessment

• Mold for breast immobilization 



143

Breast Alignment System

mold

Breast Immobilization & Beam Equalization



Titanium 3D Beam Modulation Filter

3.6 cm

2.7 cm

source-to-filter distance = 8 cm

Ti (mm)

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

V3 phantom 144



Implementation on bCT Platform

x-ray tube

collimator

modulation filter

detector

breast

145



Find mold that best 
fits patient’s breast

Clinical Workflow

Select corresponding 3D-
BMF

Set technique factors for 
pre-defined dose level 

146



MC Simulation Results: Projection

NO FILTER 3D BMF

V3 phantom 147

keV per 106 photons

2.0E+4

1.5E+4

1.0E+4

5.0E+3

0



MC Simulation Results: Projection

V3 phantom 148
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MC Simulation Results: SPR

SPRNO FILTER 3D BMF

SPRcentral = 0.32 SPRcentral = 0.23

V3 phantom 149

SPRcentral

V1 - 11.5%

V3 -28.1%

V5 -29.4%



MC Simulation Results: SPR

V3 phantom 150

S
P

R



• Normalized to number of quanta reaching detector under thickest 
region of the breast:

MC Simulation Results: Glandular Dose
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mGy / 109 photon No Filter 3D BMF Change

V1 26 17 -34%

V3 45 25 -45%

V5 56 34 -40%
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Breast CT: Technology development and clinical potential
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NPSa(f) ≈ a f -b

texture

Signal 
Background
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Summary: 

• Breast CT has superior mass detection than mammography, based 
upon texture analysis, computer and human observer studies

• CE breast CT highlights malignant calcifications and is likely 
equivalent to CE-breast MRI

• Breast CT is FDA approved for diagnostic 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

• Compare CE-bCT with CE-breast MRI for cancer detection 
performance
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