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Cancer ScreeningCancer Screening

Lung Cancer

Breast Cancer

Prostate Cancer

Colon Cancer

Lung Cancer

Breast Cancer

Prostate Cancer

Colon Cancer

Low Dose CT

Mammogram

PSA (blood test)

Colonoscopy

Low Dose CT

Mammogram

PSA (blood test)

Colonoscopy

smokers

people > 50

men

women

Cancer screening aims to detect cancer before symptoms appear.Cancer screening aims to detect cancer before symptoms appear.
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Breast Cancer Statistics (2006)

212,290 new cases

40,970 deaths

1 / 8 women will get breast cancer (12.5%)

212,290 new cases

40,970 deaths

1 / 8 women will get breast cancer (12.5%)

Ravdin, et al., NEJM 

Jemal A, et al., Cancer Statistics 2006
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Mammography: 
Standard of Care

CC

CC MLO

MLO

10

MammographyBreast CT

compression paddle

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

Cambria 2011

Bodega 2007

Albion 2003

Doheny 2014

Albion

Cambria

Bodega

Doheny

UC Davis Medical Center, Sacramento
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Albion 2003

16
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Bodega 2007

18

Varian 4030CB
194 m pixels
2x2    388 m
1024 x 768 x 30 FPS

Kollmorgen
Servo Motor

Propulsion
Bearing
Angle Encoder

Comet 1 kW Tube

Components (Albion and Bodega)
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Cambria 2011

Half Cone Beam CT Geometry
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Varian 4030CB
Yaskawa
Servo Motor

Propulsion
Bearing
Angle Encoder

Varian 11.3 kW 
Pulsed Tube M-1500

Components (Cambria and Doheny)

Dexela 2329
.075 mm pixels
26 FPS / CMOS
70 FPS @ 2x2

Doheny FabricationDoheny Fabrication

frame

filter / col wheelswitch box

gantry

finished scanner
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Engineering impacts physics
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x‐ray energy (keV)

Engineering impacts image quality
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Gantry motor

Flat panel 
detector

PET head 1

PET head 1 
actuator

X‐ray 
tube Acquisition 

computer
PET head 2 
actuator

PET head 2

Filter/collimator
changer

Filter changer
actuator

Collimator changer
actuator

Filter wheel

Collimator wheel
Heat exchanger

Doheny:  Software Control of Hardware ComponentsDoheny:  Software Control of Hardware Components
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2 NEMA #17 stepping motors2 NEMA #17 stepping motors

3 NEMA #23 stepping motors
for vertical translation of PET heads 
(2) and x‐ray tube (1)

3 NEMA #23 stepping motors
for vertical translation of PET heads 
(2) and x‐ray tube (1)

Yaskawa gantry servo motor / bearing 
system / angle encoder / TTL & RS232 
console language

Yaskawa gantry servo motor / bearing 
system / angle encoder / TTL & RS232 
console language

Arduino micro‐controllerArduino micro‐controller

Stepping motor with 
integrated controller (uses 
programmable firmware)

Stepping motor with 
integrated controller (uses 
programmable firmware)
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Doheny ‐Wiring

Conduit

Energy 
Chain

x‐ray tubex‐ray tube x‐ray detectorx‐ray detector

angle encoderangle encoder

Synchronization RequirementsSynchronization Requirements

x‐ray generatorx‐ray generator
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CT Scan AcquisitionCT Scan Acquisition

31

Generate 
sync signal 
and send to 
detector

Capture an 
image

Process feedback 
from detector and 
send to generator

X‐ray 
exposure

Process the feedback 
from generator and 
send to gantry motor 

controller

Capture motor 
angular 
position

• Acquire 800 views in 
16 seconds

• 60 kVp

• mA dependent on the 
size of breast

• 3 mSec pulse width

• Acquire 800 views in 
16 seconds

• 60 kVp

• mA dependent on the 
size of breast

• 3 mSec pulse width

initiation
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Projection 
Images

Projection 
Images

Pre‐processingPre‐processing Reconstructed
CT volume

Reconstructed
CT volume

Fourier
Filtering
Fourier
Filtering

Back
Projection

Back
Projection

Felkamp Reconstruction ModuleFelkamp Reconstruction Module

Detector Gain CalibrationDetector Gain Calibration

Geometric CalibrationGeometric Calibration

Geometric Calibration

Flat Field Correction

 
 offsetggrain

offsetrraw
corr II

II
gI










calibration, corrections, reconstruction
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Hounsfield Unit Calibration

calibration, corrections, reconstruction

primary

primary + 
scatter

log subtraction 
from projections

HU = 1000
w

p ‐ w
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Reconstruction Algorithm (1):  Feldkamp

voxel‐driven reconstruction

Reconstruction Algorithm (1):  Feldkamp

voxel‐driven reconstruction

bilinear interpolation

detector

reconstruction volume

focal spot location

2003

2008

2010

FDK Reconstruction Code

~42 minutes

~35 minutes

~20 seconds

>100x
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Reconstruction Algorithm (2): constrained TV minimizationReconstruction Algorithm (2): constrained TV minimization

FeldkampFeldkamp TV minimizationTV minimization
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Reconstruction Algorithm (3): denoising projectionsReconstruction Algorithm (3): denoising projections

Projection 
Images

Projection 
Images

Pre‐processingPre‐processing Reconstructed
CT volume

Reconstructed
CT volume

Fourier
Filtering
Fourier
Filtering

Back
Projection

Back
Projection

Reconstruction ModuleReconstruction Module

Projection ImagesProjection Images

CV volumeCV volume

FeldkampFeldkamp

PDE
Denoising

PDE
Denoising
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Patient # 277 Post Con 
Step 1: Initial observation‐post con
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Patient # 277 Post Con 
Step 5: Compare post‐con with pre‐con in HU values

Enhancement = ~ 48 HU

Image registration frameworkImage registration framework

Input

Post‐con
Image

Pre‐con
Image

Image‐driven registration

Segmentation

Affine

Screening 
Step 1

ROI 
Recon

ROI
Registration

and
Subtraction

Screening 
Step 2

BSpline
Multi‐resolution

Symmetric Demons
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Patient # 277 Post Con 
Step 2: Compare with registered/subtracted dataset
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Patient # 277 Post Con 
Step 3: ROI Recon
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53

Detector Performance

Noise (texture) Analysis (NPS)

Spatial Resolution Analysis (MTF)

54

total noise anatomical noise

quantum noise

NPS(f) = NPSa(f) + NPSq(f)

quantum noise

Detector Performance (noise)Detector Performance (noise)
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55cone angle

coronal sagittal

2
( , )

( , ) X Y
X Y

F u v
NPS u v

N N
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Contrast Resolution: NPS measurements

axial

56

Slice Thickness

x-ray tube mA

Noise Power Spectrum (NPS) measurements

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
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Kwan et al., Evaluation of the spatial resolution characteristics of a cone beam breast CT scanner, Med Phys 2005 
M
TF

Spatial Frequency (mm‐1)

Spatial Frequency (mm‐1)

M
TF

perfect

actual
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Detector Performance (resolution)Detector Performance (resolution)

58

Spatial Resolution: Computer Modeling MTF 

 1 1 2 2 3 3( ) (1 exp( / )) (1 exp( / )) (1 exp( / ))gt f A a t T a t T a t T             

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 
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Bodega (2 x 2) Cambria (2 x 2)
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Cambria: Detector binning mode
1x1 versus 2x2 mode

2x2 mode: 500 views 1x1 mode: 285 views

Clinical ImagingClinical Imaging

• Over 600 women on UC Davis scanners
• Image women with suspicion of BC
• Informed consent / HIPAA compliant
• 16 second scan (breath hold)
• 500 projection images (1024 x 768)
• 30 frame / sec acquisition rate
• About 200 have had contrast injection
• Radiation dose same as 2V mammography
• Image reconstruction 5123 or better
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63

296

January 2005

64

bCT (no injected contrast)
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67Pt 160

Contrasted Enhanced breast CT
pre

pre post

post

Malignant

benign

68

Malignant tumors tend to enhance more than benign lesions

AUC = 0.87

HU

Contrast Agent Kinetics

N=52
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2008

2010

70

PET / CT for dedicated breast imaging

ramsey badawi
simon cherry
abhijit chaudhari
spencer bowen
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71

Dedicated breast PET/CT

Whole-body PET/CT

Pt 138

Invasive Mammary Carcinoma

72
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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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75

risk assessment & dosimetry

validation of 2D approaches (M. Yaffe)

%

Breast Density Analysis

segmentation

glandular

adipose

76

N = 138
x  = 12.3%
 = 8.5%
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77

2.5% loss in breast density every decade

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 imageoriginal image

corrected imagecorrected imagelow order fit low order fit 

segmented imagesegmented image

Mathematical Flat Fielding of Breast CT imagesMathematical Flat Fielding of Breast CT images
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segmented LO fit to adiposeoriginal corrected
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total noise anatomical noise

quantum noise

NPS(f) = NPSa(f) + NPSq(f)

Burgess, et al

NPSa(f) =  f ‐

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

NPSa(f) =  f ‐

 slope

bCT, Tomo, and Mammo Comparisons

breast CT mammographytomosynthesis

N = 23 pts
1000 ROIs per
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bCT volume data sets

coronal view
axial view (~cc)

breast CT mammotomo
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FT{S(x,y)}

PS(x,y)
PWMF = FT‐1

Pre‐whitened Matched Filter

mammography

breast CT
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CT: Computer
CT: Radiologists
CT: Physicists

Projection: Computer
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Figure 3
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2001 tape measure results (N = 200)

2008 assessment on bCT images (N = 137)

X = 13.4 cm
= 2.0 cm
Median = 13.6 cm

radiation dose is size dependent!
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Monte Carlo Assessment of Dose Deposition
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Dose assessment repeated by Thacker/Glick

Thacker S and Glick S, PMB 2004, 5433
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Dose in breast CT is set to be EQUAL to the dose of two‐view 
mammography for that women.

Breast CT technique chart mA setting  on Cambria
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SummarySummary

• The Breast CT scanners at UC Davis have demonstrated that bCT 

has considerable potential in clinical imaging

• Hardware at UC Davis was refined over a decade

• Software continues to evolve

• The large data set of breast CT images has proven valuable in 

better understanding breast anatomy and has provided insight 

WRT breast imaging modalities

• Breast CT continues to be studied for its role in breast imaging
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