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9. Mammography: a special application

Prof. P. Coan # 3

 Breast cancer is the most common cancer amongst women (incidence: 8%)  

 The success of treatment depends on early detection (asynthomatic women)

 Main method for detecting early breast -> X-ray  mammography

 High spatial resolution needed to characterize the microcalcifications

low absorption

insufficient contrast

> 10% of palpable breast cancers 

are not visible in mammography

- dense + dense

 High radiation sensitivity – low dose imaging needed

BUT…
Imaging at high energies 

gives not contrast

Prof. P. Coan

Scientific case
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Breast cancer incidence 

and mortality

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. 

Breast cancer develops

in one in eight women in the USA

In mammography: 

Sensitivity 85-90% 

Specificity 90%

Sensitivity = screen detected/all women with breast cancer

test's ability to correctly detect ill patients who do have the condition

Specificity = truly negative on screening /truly healthy

test's ability to correctly reject healthy patients without a condition

Breast tissues properties

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. 

high quality images and optimized contrast and spatial resolution                      

with minimal radiation dose are needed! 

similar values  similar attenuation properties!
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Mammography scheme

Huda, Slone, Rev. Radiologic Physics IIEd. 
http://www.answers.com

Dedicated mammography 

equipment is essential for quality 

and low-dose imaging 

(~2)

Specification for a mammographic unit

Huda, Slone, Rev. Radiologic Physics IIEd. 

X-ray spectra from a 

molybdenum target at 30 kVp

showing the effect of adding 

a molybdenum filter

Filter working on the "K edge" principle:

It absorbs radiation that is above the K-edge

energy that corresponds to the binding

energy of the electrons in the K shell of the

molybdenum atom.
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Dual view mammography

Prof. P. Coan
http://www.ceessentials.net/article40.html

Craniocaudal (CC) view Mediolateral oblique (MLO) view

http://www.umdnj.edu/rwjlbweb/Basicrad/FILES/TEST80.HTM

Images of the right and left breasts 

are positioned as mirror images so 

that the breasts can be examined 

for symmetry.  This allows 

abnormalities to stand out. 

Modern mammography (summarizing)

 Modern mammography units use small focal spots, low tube voltages, low-ratio grid or no 

grid but air gaps for scattering removal, magnification

 Low tube voltages are used to maximize the relative contribution of the photoelectric effect

 higher subject contrast  less scatter

 Detection system: either screen/film (spat. resolution 15-20 lp/mm) or digital detectors 

(including single photon counting for high efficiency and low dose, ~10 lp/mm)

 Normally 2 different angular views for each breast, additional ones can be required to 

resolve ambiguous findings  C-arm structure for angular positioning of the unit

 The X-ray energy that optimizes the subject contrast is approximately 20 keV:                 

Mo (characteristic radiation of 17.9 and 19. 5 keV) and Rh (20.2 and 22.7 keV) + 

homologous filters

 slightly higher energy X-ray from Rh  better penetration of thick or dense breasts

 Exposure time ~ 1 s, but up to 4 s for dense, thick breasts

 Fundamental: breast compression. Immobilization and spread of the tissue                      

 greater sharpness, less scatter and less dose!

Prof. P. Coan
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Clinical mammography units

Prof. P. Coan

Philips - MicroDose SI

(Single Photon Counting - 50 µm pixel size)

https://www.philips.ae

https://www.medicalexpo.com

Digital breast imaging with Amorphous Selenium Flat Panel Detector Stand with vertical 

and rotational movement of the C-arm (Milady DG)
Siemens

C-arm device Patient positioning is key

(Mammography technician)

Breast dose

The glandular tissue in the breast is a high radiosensitive tissue, 

i.e. is sensitive to cancer induction by radiation

MEAN GLANDULAR DOSE - preferred measure of dose in mammography

- determined using a special phantom

- depends on X-ray beam characteristics, breast 

thickness and composition

 Considered thickness: 4.2 cm

 + 0.5 cm (x2) skin layer

 Composition: 50% glandular tissue 

and 50% adipose tissue

Annually measured by a certified medical physicist

Recommended values: less than 3 mGy (300 mrad)

Increasing the energy (i.e. voltage) the dose decrease but also the contrast   

 compromise needed!

Prof. P. Coan

X-rays

skin skin

mixture 

glandular and 

fat tissue
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Prof. P. Coan

10. Computed tomography

From 2D to 3D imaging

Suggested literature:

Computed Tomography: 

Fundamentals, System Technology, Image quality, Applications

Author: Willi A. Kalender

Computed tomography 

(CT)

Prof. P. Coan

 Introduced in clinics in the early 1970’s

 1st scanner : 1921

 1973 : 1st scanner (brain) Massachussets

General Hospital

 1974 : 1st scanner (body) Georgetown 

Univ Med Center

Etymology:     Tomos  "slice, section” +   Graphō "to write"
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1917

1921

1930-31

1937

1940

1961

1963

1966

1968

1971
1974

Radon 

transform

Watson patents axial 

tomography

first images (London, UK)

Oldendorf

scanner

Cormak scanner

Kuhl, Hale & 

Eaton human 

images

Hounsfield 

scanner

First clinical 

images

Prof. P. Coan Courtesy Prof. Speller

History

1979

Nobel Prize in Physiology
(Cormack & Hounsfield)

# 15

Prof. P. Coan

Cartoon ~ 1975

CAT
Note the use of the word ‘axial’ in between ‘computerized’ and ‘tomography’ 

Early days: “Computed Axial Tomography”

Computed Tomography 

(CT)

 it generates cross-sectional images
in the “axial” plane
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Courtesy Prof. Speller # 17

Hounsfield and 

his machine at EMI

1973

Courtesy Prof. Speller # 18
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# 19Prof. P. Coan

CT provides transverse slice images of the 

body in digital form 

(FULL DIGITAL examination!)

BODY: built up of discrete slices and 

volume elements (i.e. voxels)

Early CT: chess-board like impression

(brain CT 1974: 80 x 80 image matrix)

Today: picture elements not distinguishable 

(spiral CT, finer matrices, higher resolution)

# 20Prof. P. Coan

 In conventional radiography there are several limitations

(insufficient radiological results) but we are less aware because other

imaging methods are available and supplement this lack of information

Brain radiography Scientists tried to solve the problem in 

different ways (ex. contrast agents)

 But limited improvement

CT

For the first time 

visualization of parts 

of the body with 

diagnostic quality!

Volumetric 

representation

Brain CT
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# 21Prof. P. Coan

Higher contrast

Why do slice images offer higher contrast 

than conventional 2D radiographs?

It is because a different quantity is displayed!

No sum of the attenuations from superposed layers

BUT

MAP OF ATTENUATION  μ  HOUNSFIELD UNIT (HU)

HU-air = -1000

HU-water = 0

# 22Prof. P. Coan

Reconstructed CT slice
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# 23Prof. P. Coan

Reconstructed CT slice

integration

Radiograph

Why do we need CT?

# 24

Radiography

• Sum of the attenuation along a ray

Good lateral resolution

No depth resolution

=

Prof. P. Coan Courtesy P. Bleuet

2 different objects

X
-r

a
y
s
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Prof. P. Coan

To distinguish the 2 : take 2 projections at 90 degrees

Courtesy P. Bleuet # 25

# 26Prof. P. Coan

 Radon theory (1917):

the 2D distribution of an object characteristic, ex. μ(x,y), can be determined if 

a sufficient high number of line integrals are given

 Many narrowly spaced data points per each projection 

(angular view) are needed  

 CT consists in measuring many line integrals exactly

 from different angular directions (at least over 180°)

0° 180°

“in words” description
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# 27Prof. P. Coan

How do we measure an object in CT? 

Pencil beam case
(i.e. first clinical CT scanners: over 180°, step rotation=1°, 160 data points per projection)

Godfrey Hounsfield's original project 

proposal at EMI (London, UK)
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CT: multi-step process

# 29Prof. P. Coan

There are adjustable factors associated with each of these phases that can 

have an effect on the characteristics and quality of the image.

The formation of a CT image is a distinct three phase process

http://www.sprawls.org/resources/CTIMG/module.htm

# 30Prof. P. Coan

How do we compute        

a CT image? 

The most easily understood approach

N

N

N2 = N x N pixel values of the image matrix

= unknown values

…. to be computed by solving Nx independent equations (i.e. the measured projections)

If   Nx =  Np x ND ≥ N2 
 N2 can be computed

# projections  x  # data points per projections

How do we pass from a set of projection values to a CT slice?
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# 31Prof. P. Coan

Algebraic reconstruction techniques (ART) 

Used in the early days of CT

Ok for low element matrices, computation in an iterative way

Too long computation times for larger data volumes  other methods were used

With the advent of powerful computers, now ART used again

Prof. P. Coan

To distinguish the 2 : take 2 projections at 90 degrees

Courtesy P. Bleuet # 32
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Intuitively…

# 33Prof. P. Coan

By “spreading” and summing the 2 projections along each directions

Courtesy P. Bleuet

# 34Prof. P. Coan

2 projections are not enough !

Courtesy P. Bleuet

Intuitively…
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Still a problem
• Background

Use of a high-pass filter to suppress background 

2 projections 0, 90 ° 1000 projections3 projections 0, 45, 90 ° 30 projections

Prof. P. Coan Courtesy P. Bleuet

Intuitively…

We consider a 2D object as the cross-section of a 3D object

f(x,y)    =  2D object function

Prof. P. Coan Courtesy P. Bleuet

More precisely…

x

y

θ



Direct space

f(x,y)

X-rays
 Projection at the angle 
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x

y

θ



Direct space

f(x,y)

X-rays

  sincos yx

 The  path of each X-ray is 

described by the straight line 

 The CT measurement corresponds to an integration of f(x,y) along such a ray

)sincos(),(),(    yxyxfdydxpPROJECTION 

DATA 

fp R
Radon transform

1D Projection or radiograph 

of f(x,y) at the angle θ

Prof. P. Coan

# 38



u

Radon 

space

y

x

Image 

space


Radon transform  R  :   n   n

relates a given function n to its integral functions over space hyperplans

n=2,  hyperplan = straight line

Rf ( u,) = p(u)

Prof. P. Coan
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Prof. P. Coan

Recalling Fourier theory…

  iuxexgdxuG 2)( 





Fourier transform G of some function g

The inverse transform is iuxeuGduxg 2)()( 






Prof. P. Coan

Filtered back projection algorithm

     
 







  sincos22 ,),(, yxiuiu eyxfdydxepduP

Fourier transform P of the projection data p with respect to 

If we compare this expression with the general 2D Fourier transform 

of the function f

     
 




yuxui

yx
yxeyxfdydxuuF

2
,,





sin

cos

uu

uu

y

x





  ),(sin,cos uPuuF  

Fourier slice theorem

Radial coordinates
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Fourier slice-theorem

uxx

y

F

θ





u

uy

Direct space Fourier space

Prof. P. Coan Courtesy P. Bleuet

1D Fourier transform of the projection R f(,) with respect to  at the angle 

=
2D Fourier transform of f(x,y) in (ux,uy) radial coordinates

# 41

# 42Prof. P. Coan

  ),(sin,cos uPuuF  

Why not derive f(x,y) directly by 2D FT-1 ?

Discretization issues combined with the fact that small-scale error in Fourier 

domain (conversion radial geometry-Cartesian geometry) yields large-scale 

errors in the spatial domain

 artifacts
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# 43

  ),(sin,cos uPuuF  

    




 sincos

2

0

,, yx

iueuPududyxf 





 

2D-FT-1

     yuxui

yxyx
yxeuuFduduyxf




2

,,

Prof. P. Coan





sin

cos

uu

uu

y

x




Variable change: 

),( u

dduududu yx 

# 44Prof. P. Coan

    




 sincos

2

0

,, yx

iueuPududyxf 





 

Recalling that the convolution of two functions g1 and g2

          txgtgdtxgxgxgg   212121

Ramp kernel (in spatial domain)  
22

2

2

1


  

 
iueuduk

 0

bub 
Nyquist limit

      



 sincos

0

,, yxkpdyxf  
FILTERED 

BACKPROJECTION
P



4/29/2020

23

# 45

f(x,y)

Rf(x,y) 

Data

FR f  (,u)

|u | |u |.FR f  (,u)

F-1[|u |.FR f  (,u)]

Backprojection

Using

all angles

2 projections 0, 90 ° 1000 projections3 projections 0, 45, 90 ° 30 projections

Prof. P. Coan Courtesy P. Bleuet

Filtered slice
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Examples on phantoms

Unfiltered backprojection Filtered backprojection

Prof. P. Coan

Prof. P. Coan

Examples from clinics

# 48
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The sinogram concept

In tomography, one often hears “sinogram”

• What is it ???

A sinogram is just an image representing the Radon space 

(i.e. the projection space, i.e. your data)

• Direct space :  image  (x,y )

• Radon space : image (,)

Visualization useful to analyze artifacts (motion, ring artifacts)

Prof. P. Coan

The sinogram concept



 Sinogram 

Prof. P. Coan Courtesy P. Bleuet
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Radon space
Direct space

The sinogram concept

x

y

x

y









Rotation 

axis

Rotation 

axis

Prof. P. Coan Courtesy P. Bleuet # 51

The number of projections

Number of projections per turn : Fourier slice theorem 
Collecting projections at a number of angles fills the Fourier space along radial lines

1000 projections30 projections

x

y
20º

40º

60º

80º

100º

120º

140º

160º
180º

Sampling in the Fourier domain

)( pixelsofnumber
2

Nb_Proj




Prof. P. Coan Courtesy P. Bleuet

Covering laterally the full sample in the projection
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The possible beam 

geometries

# 53

PENCIL BEAM PARALLEL BEAM

CONE BEAMFAN BEAM

Prof. P. Coan

Prof. P. Coan

From parallel to fan 

beam geometry

Fan beam geometry

 Parallel beam approximation: 

 One method used for fan beam is based on a                      

re-organization of the data and the use of the parallel beam 

reconstruction

 rebinning

If divergence < 10-15°

s

# 54
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Prof. P. Coan

What is displayed

in CT images?

CT values with respect to water:

# 55

# 56Prof. P. Coan

HU has not upper limit but typical 

range [-1024 – 3071 HU]

4096 (=212 ) different values

cannot be displayed all together

WINDOWING

 center of the window 

mean value of the CT value

of the interesting structure

 width  determines the

contrast on the image
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Prof. P. Coan

Significance of CT 

numbers

  



 








 ZE,  CT values are increased with Z or 

# 57

Mass attenuation 

coefficient vs energy

Prof. P. Coan

First and second generation CT

# 58
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Third and fourth generation CT

# 59Prof. P. Coan

Slip ring technology

# 60# 60Prof. P. Coan

CT SCAN DATA TRANSFER

sliding electrical contacts

Contacting ways

Now also no-contacting ways 

(optical connections)
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More in detail…

# 61Prof. P. Coan

The design of CT system is engineering-wise demanding  - high mechanical accuracy 

# 62Prof. P. Coan

How do we measure an 

object in CT? 

Fan beam, over 360°

- better sampling  image quality

- overlapping sampling

- 800-1500 projections 

- with 600-1200 points per projections 

TODAY:
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# 63# 63Prof. P. Coan

# 64Prof. P. Coan




