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Motivations 

•  The intrinsic contrast of tumours in mammography is very low 
–  Contrast is increased at low energies 

 But strict constraints on dose to limit risk of carcinogenesis 

•  A contrast agent distributes in blood vessels, giving increased 
contrast and indication of malignancy 

•  Contrast Enhanced Digital Mammography (CEDM) is appealing 
for several reasons 
–  Increased contrast 
–  No need to use low energy  reduction in dose 
–  Possibility of K-edge subtraction for background removal 
–  Possibility of dynamic studies (uptake/washout) 



Contrast-Enhanced Digital Mammography 

•  Two images (before/after injection 
of contrast agent, or with energy 
below/above its K-edge) are 
acquired and combined (typically 
by logarithmic subtraction) to give 
an image of the distribution of the 
contrast agent only 

MASK IMAGE 

SUBTRACTION 
•  Main disadvantages with 

conventional set-up: two images 
needed! 
•  Increase in dose 
•  Potential artifacts from patient 

motion 
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K-edge Subtraction vs Dual-Energy Imaging 

KES 

•  Works if the variation of 
the attenuation coefficient 
of the background is 
negligible 

+  Simple maths, no 
knowledge of µ needed 

-  Strong assumption! 
Energies need to be 
close to each other 

DE 

•  The object is projected onto 
a basis {iodine, water} 

•  Two images are retrieved 
+  Allows quantitative 

information 
+ Less stringent requirements 
- Need to know µ 

€ 

S i, j( ) = ln Ihigh
0 Ihigh i, j( )( ) − ln Ilow0 Ilow i, j( )( )

= µhigh
I xI + µhigh

bg xbg − µlow
I xI + µlow

bg xbg( )
≈ µhigh

I − µlow
I( )xI

€ 

ln I0 I( )low =
µ
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
low

I

ρx( )I +
µ
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
low

water

ρx( )water

ln I0 I( )high =
µ
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
high

I

ρx( )I +
µ
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
high

water

ρx( )water

⎧ 

⎨ 

⎪ 
⎪ 

⎩ 

⎪ 
⎪ 



HEXITEC 

•  A fully-spectroscopic pixellated 
detector 

•  HEXITEC allows simultaneous 
acquisition of an arbitrary number 
of images, thus removing the 
limitations of conventional CEDM 

•  Current sensor:  
–  1-mm thick CdTe  
–  80 x 80 pixels, 250 µm pitch 
–  Peltier-cooled for sub-room 

temperature operation 
(~10º-15º C) 

–  Typically biased at -500V 
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Energy resolution 
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•  Characteristic lines from VEX source (Am-241 + targets) 

Mo K-lines 17.5 keV 

19.6 keV 
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44 keV 
50 keV 
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Why is high energy resolution desirable  
for CEDM? 

•  The maximum signal in KES is 
obtained when the energies are 
close to each other 

•  If the energy resolution is poor, a 
conservative choice has to be 
made for the positions of the 
energy bands 

•  The result is a loss of contrast 
•  Even when using global 

calibration vs individual 
calibration the contrast 
decreases 
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Iodine K-edge (1 ch ~ 0.3 keV) 

Profile across KES 
image of 3 mm tube 
with iodine 



Materials for KES 
•  Custom “breast mimicking” phantom 

–  5 cm thick PMMA box 
–  Filled with plastic spheres and oil 
–  6 mm PMMA slab superimposed 

with 3 mm, 2 mm, 1 mm holes 
–  Holes are filled with Niopam 150 ® 

(Bracco)  
Iodinated contrast agent with 

intrinsic iodine concentration 
150 mg/ml 

Iodine K-edge: 33.2 keV 
•  X-ray source: Hamamatsu L6371-01, 

W anode, 50 kVp, 3 mm Al filtration 
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Dual energy vs KES 

Above K-edge 

Below K-edge 

Log-subtracted 

•  150 mg/ml Iodine 
•  Entrance dose in air 75 µGy 

Iodine projection 

Water projection 

•  Dual energy allows better 
background removal and provides 
potentially useful anatomical 
information 



KES vs DE 

•  Contrast to noise ratio, 
CNR=(Idet-Ibg)/σ	



•  CNRreaches a maximum 
at wider band for DE than 
for KES 
–  Better background 

removal lower 
structural noise 

!"

#"

$!"

$#"

%!"

%#"

&!"

!" #" $!" $#" %!"

!"
#$

%&'($)*+,-$

.$//$
'()"*+,-./01(2"

3+/4"525.)6"

!"

#!"

$!"

%!"

&!"

'!"

(!"

!" '" #!" #'" $!"

!"
#$

%&'($)*+,-$

.$//$

)*+",-./0123*4"

5-16"7470+8"

!"

#!"

$!"

%!"

&!"

!" '" (!" ('" #!"

!"
#$

%&'($)*+,-$

.$//$

)*+",-./0123*4"

5-16"7470+8"



Quantitative information from DE 

•  Scatter is not normally negligible 

•  Standard procedures for determining the 
scatter/primary ratio (SP) 
–  Imaging of lead discs of decreasing 

diameter 
–  SP is obtained by extrapolating the counts 

behind the detail to disc diameter 0 
Primary + scatter 

Scatter only 
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I = I0e
− µ I x I +µwater xwater( ) 1+ SP( )



Scatter-to-primary ratio (SP) 

•  The S/P ratio is the y-intercept 
of the best fit curve of the S/P 
measurements vs lead disc 
diameter 

•  For the settings used (2 keV 
bands around the iodine K-
edge): 

•  Low energy: 
–  BP = 0.50 ± 0.06  

•  High energy: 
–  BP = 0.41± 0.06  
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Including SP in DE measurements 

•  In a simple model, SP is constant 
across the field of view 

•  Corrections may become more 
important with strong scatterers or in 
the presence of low concentrations  

€ 

ln I0 I( )low + ln 1+ SP( )low =
µ
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
low

I

ρx( )I +
µ
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
low

water

ρx( )water

ln I0 I( )high + ln 1+ SP( )high =
µ
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
high

I

ρx( )I +
µ
ρ

⎛ 

⎝ 
⎜ 
⎞ 

⎠ 
⎟ 
high

water

ρx( )water

⎧ 

⎨ 

⎪ 
⎪ 

⎩ 

⎪ 
⎪ 

!"#"$%

"%

"#"$%

"#"&%

"#"'%

"#"(%

"#")%

"#"*%

"% &"% ("% *"% +"%

!"
#$
%&
'(
&)
*&
'*

+#
%,

)*
(-.

/&
0

1 2
(

345'6(

,-%./0123%/-332/4-,%

./0123%/-332/4-,%



Quantitative information 

•  Concentration as 
calculated across the 
maximum of the profile 
(tube diameter) 

•  Good reproduction of 
nominal concentration at a 
range of entrance doses 
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Comparison with conventional imaging 
•  Hamamatsu C7942 flat panel detector, CsI scintillator 
•  A pair of spectra was chosen (max CNR) with average energies 

below and above the K-edge of iodine, respectively  
–  Low: W anode, 45 kVp, 250 µm Tin filter 
–  High: W anode, 50 kVp, 12.5 mm Al filter 

•  Entrance dose  
–  Conventional 1.2 mGy 
–  HEXITEC 75 µGy 

iodine 

water 

Tube Ø (mm) CNR – 
HEXITEC 

CNR – 
conventional 

1 25 ± 4 15 ± 3 

2 55 ± 5 40 ± 6 

3 68 ± 7 62 ± 7 

HEXITEC advantages 
 Single exposure 
 Optimised energy bands 
 Photon counting detector 



Conclusions/open problems 

•  A pixellated spectroscopic CdTe detector has proven effective in single-
exposure CEDM around the Iodine K-edge 
–  Dose 15 times lower than conventional imaging with comparable image 

quality 
–  DE performs consistently better than KES 
–  Quantitative information on contrast agent concentration retrieved 

correctly 
•  Future work 

–  Alternative contrast agents (e.g., gold nanoparticles) 
–  Exploiting anatomical information for calculation of breast density 


