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9. Mammography: a special application
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Scientific case

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

low absorption > 10% of palpable breast cancers
insufficient contrast are not visible in mammography

= High spatial resolution needed to characterize the microcalcifications

= High radiation sensitivity — low dose imaging needed

BUT..

Imaging at high energies
gives not contrast

Prof. P. Coan
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o Breast cancer incidence
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400 Breast cancer develops
in one in eight women in the USA

w

(=]

o
1

4 Incidence In mammography:

Sensitivity 85-90%

Specificity 90%
Mortality pecificity 0

Rate per 100,000 females
S
o
1

0 20 40 60 80
Age (years)

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

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd.
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TABLE 7.1. Properiics of breast fissue

Linear attenuation
Density cozfficient at 20 keV

Tissue fyps (glenr) fcm™)
Adipose 0393 0.45
Fibrogiandular 1035 0.8
Carcinoma 1045 0.85
Skin 109 0.8
Céelcification 22 125

similar values = similar attenuation properties!

high quality images and optimized contrast and spatial resolution
with minimal radiation dose are needed!

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

_________ X-Ray S . . . 5
A 4 equipment is essential for quality
and low-dose imaging
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Magnification = s%—% (~2)

3. of A
tween the compressed breast tissue and image receptor. The air gap reduces scatter, and a
grid is not used. In this example, the source-to-image receptor distance is twice the source-to-
object distance, resulting in a 2 magnification.

TABLE 7.2. Typical specifications for a dedicated mammography unif

Parameter Specification
Generator power rating 3IkwW
X-ray tube voltage 24-35 kVp (1 kVp steps)
Tube current 100 m4
Target material Molybdenum (Z = 42)
Window material Beryllium (Z= 4)
Added filtration 30 pm molybdenum
Hali-value layer 0.30-0.37 mm aluminum at 28 kVp
Nominal focal spot sizes 0.3 mm0.1 mm
Z atomic no.

X-ray spectra from a
- molybdenum target at 30 kV,
MBI showing the effect of adding

a molybdenum filter

X- ray intensity

Filter working on the "K edge" principle:

It absorbs radiation that is above the K-edge
Molybdenum filtration added energy that corresponds to the binding
energy of the electrons in the K shell of the
___________ molybdenum atom.

TR T e e e
Energy (keV)
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Craniocaudal (CC) view Mediolateral oblique (MLO) view
/%ANIOCAU$ %DIOLATERM
OBLIQUE
x-ray
@heam X-ray
Images of the right and left breasts /mm
are positioned as mirror images so
that the breasts can be examined
film cassette for symmetry. This allows &
abnormalities to stand out. cassette

LCcC

http://www.umdnj.edu/rwjlbweb/Basicrad/FILES/TEST80.HTM
Prof. P. Coan htto://lwww.ceessentials.net/article40.html
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= 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 Ip/mm) or digital detectors
(including single photon counting for high efficiency and low dose, ~10 Ip/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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C-arm device Patient positioning is key
(Mammography technician)
e A Philips - MicroDose S|
i e S (Single Photon Counting - 50 um pixel size)

S

S

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)

Prof. P. Coan
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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

ki

YYYYYYYYYYY

skin

22|

iAx Mixture
! glandular and
i fattissue

X-rays i

T

- 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

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

Annually measured by a certified medical physicist

4/29/2020
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10. Computed tomography

Computed

From 2D to 3D imaging
‘Inmugmuq

Suggested literature:

Computed Tomography:

Fundamentals, System Technology, Image quality, Applications
Author: Willi A. Kalender

Prof. P. Coan

wwe | |(COmputed tomography
LMU| iz | ((CT)

Etymology: Tomos - "slice, section” + Grapho =2 "to write"

= 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

Prof. P. Coan
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1917 1930-31 1940 1963 1968

1974 1979
1921 1966 1971
1937 1961
| 4

Radon

transform & Oldendorf

> scanner Hounsfield
(;2 @ o scanner
& & &
) N O ] .
o L@ First clinical
& SO i
S & images
-~ ,39 Q@ & Cormak scanner
NN g Kuhl, Hale &
& L Eaton human Nobel Prize in Physiology
IS ) images (Cormack & Hounsfield)
& q}é‘ Watson patents axial
oofb rz.}‘\é tomography
Qyé\ first images (London, UK)
Prof. P. Coan Courtesy Prof. Speller # 15

e | [COmputed Tomography /; ﬁﬁ
LMU| &2 | |(cT) Sinac

= it generates cross-sectional images
in the “axial” plane

Early days: “Computed Axial Tomography”
CAT

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

THE FIRST
CAT SCAN
o 15 ALWAYS
AUTTLE
BCARY,

AR

Prof. P. Coan
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1973

1973, British Journal of Radiology, 46, 1016-1022

Godfrey Hounsfield "8 S |
ey Hounsfiel V.

Computerized transverse axial scanning (tomography): . A
Part |. Description of system

G. N. Hounsfield
Central Research Laboratories of EMI Limited, Hayes, Middlesex
(Received February, 1973 and in revised form July, 1973)

Th 1o duscribe AN"‘MT hich X% . Radiology (Ambrose and Hounsfield, 1973). A
is article describes a technique in which X-ray trans- BRI PARPIE
mission readings are taken through the head at 8 multitude  Account has alsoappeared in the New Scientist (
of angles: from these data, absorption values of the material  nology Review), 1972.

contained within the head are calculated on a computer an:

resented as 4 series of pictures of slices of the cran

l}‘hr system is approximately 100 times more sensitive
conventional X-ray systems to such an extent that varia
in soft tissues of nearly similar density can be displayed.

PriNcipLes oF THE METHOD
The aim of the system is to produce a seri
images by a tomographic method as illustratd
Fig. 1. Each image shown at the bottom of
figure is derived from a particular slice.
In the actual cquipment, the patient is scal
by a narrow beam of X rays. The X-ray tube

e S 4 L echniques have been
. , namely the record-
e shadow of the ob-
has heen realized that

,,,,,,, Courtesy Prof. Speller

i EMI Central Research Labs £
1967 S

REMEMBER - Give E.M.I. Record Tokens (7,3 to 50/-)
all leading makesof records m For latest mlorma ion on

4/29/2020
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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 Today: picture elements not distinguishable
(brain CT 1974: 80 x 80 image matrix) (spiral CT, finer matrices, higher resolution)
Prof. P. Coan #19
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=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 Brain CT

For the first time
visualization of parts
of the body with
diagnostic quality!
Volumetric
representation

Prof. P. Coan
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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 - p > HOUNSFIELD UNIT (HU)

HU = 1000 % Hx — Huwater HU-air = -1000

HU-water = 0

Havater

Prof. P. Coan #21

Reconstructed cr slice

L .‘ CT values, HU

760 40 35 30 20 20 40 Aﬂ 690

HEEE | - EEEEEEsEs
EEEEEEEE  "EEEER 5
710 40 35 34 20 20 40 40 760

CT image:

High local contrast of
soft tissue structures

contrast= ACT =1, -1, =
=63-35=28 HU
= 50%

A 2000

11
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Reconstructed -5 slice

'

CT values, HU

760 40 35 30 20 20 40

= o .
.H_.E 40 35!20 an 3 . Radiograph
P
.I integration

CT image: X-ray image:

Low contrast of soft tissue

High local contrast of

soft tissue structures structures due to superposition
of bones

trast= ACT =1/, - I, contrast h-b
contrast = =h-hL= = ——V—=
+
=63-35=28 HU Lhix b 2
= 50% 1738 - 1734
=———————:100% = 0,23% ———— —1
(1738 +1734)/ 2 A 2000
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Radiography

» Sum of the attenuation along a ray
—>Good lateral resolution

—>No depth resolution

2 different objects

N —
—

= Sam
"Ntensit

e ,Of'Ojected
pl'oﬁ/e!

X-rays

# 24

Prof. P. Coan Courtesy P. Bleuet
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To distinguish the 2 : take 2 projections at 90 degrees

Prof. P. Coan Courtesy P. Bleuet # 25
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= CT consists in measuring many line integrals exactly

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

= Radon theory (1917):
the 2D distribution of an object characteristic, ex. u(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

Prof. P. Coan # 26
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Pencil beam case
(i.e. first clinical CT scanners: over 180°, step rotation=1°, 160 data points per projection)

\ rotation

detector und
electronics

x-ray tube translation

collimator intensity profile

attenuation profile

LUDWIG-
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Godfrey Hounsfield P S |

ey Hounsfiel . . . . .
EMI Contral Research L},,{/,’ L Godfrey Hounsfield's original project
1967 K

proposal at EMI (London, UK)

4/29/2020
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The formation of a CT image is a distinct three phase process

DIGITAL / ANALOG
CONVERSION

AT | T
1 l”[l“l"]”l“llll"”ll |-
m nuu _» DlGITAL
4l SCAN DATA ; ucons*rmcﬂou IMAGE |
oo C
(D e
IO T I I . I I
f/uuu/J

There are adjustable factors associated with each of these phases that can
have an effect on the characteristics and quality of the image.

Prof. P. Coan http://www.sprawls.org/resources/CTIMG/module.htm # 29

wwe | |HOW dO we compute

MAXIMILIANS-

LMU)| it | |a CT image?

How do we pass from a set of projection values to a CT slice?

The most easily understood approach

N2 = N x N pixel values of the image matrix
= unknown values

.. to be computed by solving N, independent equations (i.e. the measured projections)

If N, = Ny X Np>N2 = N?can be computed
\_Y_J
# projections x # data points per projections

Prof. P. Coan # 30

15
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L N1 A
J 1y j0) L S;= U+ 1, * H 122 )

— S

12
-—f 3 g = S=p o+, % M7 M
‘ ‘ 812 84
S S
S=E M+ s S,= W, + Y,

So S, S S Ss/é 2000
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 #31
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To distinguish the 2 : take 2 projections at 90 degrees

Prof. P. Coan Courtesy P. Bleuet # 32

16



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

2 projections are not enough !

i

4/29/2020
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2 projections 0, 90 °© 3 projections 0, 45,90 ° 30 projections 1000 projections

Still a problem
« Background

Use of a high-pass filter to suppress background

Prof. P. Coan

Courtesy P. Bleuet

LMU
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More precisely...

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

f(x.y)

» Projection at the angle &

= 2D object function

Prof. P. Coan

f(x.y)

X-rays

Direct space

Courtesy P. Bleuet

4/29/2020
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’ )
f(cy) K@f
& 13 = The path of each X-ray is
described by the straight line
o
N X Xcos@+ysind=¢
X-rays
Direct space

= The CT measurement corresponds to an integration of f(x,y) along such aray

PROJECTION (), £) = [ dxdy f (X, y) 5(xcos 0+ ysin 0—¢)

DATA >

Radon transform

1D Projection or radiograph
of f(x,y) at the angle @

P=Rf m—

Prof. P. Coan
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Radon transform R : ®n — Rn
relates a given function in to its integral functions over space hyperplans

9
n=2, hyperplan = straight line | Y| Image % Radon
space :
Rf (U, 0) = pg(u) y B Spacj
Prof. P. Coan # 38

19
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Recalling Fourier theory...

o0
Fourier transform G of some function g G(u) = jdX g (X) e—2niux
—00

0
The inverse transform is g (X) — .[du G(U) e27ziux
—00
Prof. P. Coan
|
LMU s || Filtered back projection algorithm
MOUNCHEN L

Flu,.u, )= “dx dy f (x, y)e 2t

Fourier transform P of the projection data p with respect to &£

P(Q’u): Idg p((g’ 5) e—27ziu§ — deX dy f(X, y)e—27ziu(xc039+ysin9)

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

of the function f

Radial coordinates
u, =ucosé

u, =usin@

me) (U oS 9,usin @)= P(6,u)

Fourier slice theorem

Prof. P. Coan

4/29/2020
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5\
<& %
o 0
\A X / ux
Direct space Fourier space

1D Fourier transform of the projection R f(&6) with respect to £ at the angle &

2D Fourier transform of f(x,y) in (u,,u,) radial coordinates

Prof. P. Coan Courtesy P. Bleuet #41
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F(ucos8,usin @)= P(6,u)

Why not derive f(x,y) directly by 2D FT1 ?

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
7]
] \\ L]
./ \ \_f
AR N
Prof. P. Coan
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F(ucos@,usin @)= P(6,u)

f(x,y)= J.J‘ duxduyF(uX,uy)ez’ﬂ(“xxwyv)

‘u, =ucosé (u, )

Variable change: .
{uy =usiné du,du, =udude

£=xcosf+ysind

f(x,y)= Idé’ jdu\u\P(H, uje?™
0 —0

Prof. P. Coan # 43
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f (X, y) = Id@ J‘ du_‘u‘ﬁ £=xcosO+ysing
0 —0

Recalling that the convolution of two functions g, and g,
(9, %9, )= 9,(x)* 9,(x) = [ dt g,(t) g,(x~t)
Ramp kernel (in spatial domain) k(ﬁ) = jdu |u|e2”i“‘f = %
(£+0) 2me

—b<u<b
™~ Nyquist limit

FILTERED T
BACKPROJECTION flxy)= ! 46 P(6.£) k(g)( £=xcos0+ysing

Prof. P. Coan # 44

4/29/2020
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Backprojection

@
Using
all angles

y
f(x,y) " ém |.LFR f (8,u)]
g

Rf(x,y)
Data \
FRf (6,u) )

[u | lu|.FR f (6,u)
# 45
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.0

2 projections 0, 90 ° 3 projections 0, 45, 90 °© 30 projections 1000 projections

Filtered slice

Prof. P. Coan Courtesy P. Bleuet

4/29/2020
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Examples on phantoms

o\ o\

Institut fir Medizinische Physik Institut fir Medizinische Physik
Universitat Erlangen-Nirnberg Universitat Erlangen-Nirnberg
Unfiltered backprojection Filtered backprojection
= =
Prof. P. Coan /62000
LMU | s | |Examples from clinics

I
o\ o1\

Prof. P. Coan

Institut fir Medizinische Physik Institut fir Medizinische Physik
Universitat Erlangen-Nurnberg Universitat Erlangen-Nurnberg

—=|
LA #6088

24
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In tomography, one often hears “sinogram”

« Whatis it 2??

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 (&,6)

Visualization useful to analyze artifacts (motion, ring artifacts)

Prof. P. Coan
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\ :
=m
\/ b .
Sy I ) Sinogram
\/\¢\/ V)
SRR <
BREES :
N /
/

Prof. P. Coan Courtesy P. Bleuet
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Rotation
axis

y

Direct space Radon space

Rotation
axis
Prof. P. Coan Courtesy P. Bleuet #51
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Number of projections per turn : Fourier slice theorem
Collecting projections at a number of angles fills the Fourier space along radial lines

30 projections 1000 projections

180° 160° Nb_Proj = %(number of pixels)

!

Sampling in the Fourier domain Covering laterally the full sample in the projection

Prof. P. Coan Courtesy P. Bleuet

26
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PENCIL BEAM PARALLEL BEAM

—8-

FAN BEAM CONE BEAM

Prof. P. Coan

# 53

LUDWIG-
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LMU | [t | | beam geometry
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Fan beam geometry

= Parallel beam approximation: If divergence < 10-15°

= One method used for fan beam is based on a

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

reconstruction | peone
- rebinning P
i
\
\\
\\
\\ "
ﬁ' .,\\\
N
Prof. P. Coan %m

27



4/29/2020

LUDWIG-

LMU

MUNCHEN

MAXIMILIANS-
UNIVERSITAT

What is displayed
in CT images?

X - te
CT values with respect to water: H U7 = 1000 x por— Prenep

Hawater
compact
CT value, bone
HU
1000 80+
800 70+
600 -
spongious T
400 bone pancreas
200 L] -
water .. 50 | kidney -
" fat _gy  — B
200 o
-400
lungs -
-600
-800 07
-1000 0T
LA 2000
Prof. P. Coan # 55
LUDWIG-
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HU has not upper limit but typical
range [-1024 — 3071 HU] CT value, HU +2250 HU
3000 —
4096 (=212) different values
‘ bone window
C/W 1000, 2500 250 HU
cannot be displayed all together 2900 ]
+150 HU
1000 —
WINDOWING
‘ -250 HU
= center of the window -> 0 — *250HU
mean value of the CT value
of the interesting structure
* width > determines the 10007 1450 HU
contrast on the image ~  |....e-eeeemettT LB 2000
Prof. P. Coan # 56
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= Il (E, z).p - CT values are increased with Z or p

o,
@ 10
P - Fe (26)
,aI 9
s, Ti (22)
) CaHa (16.04)
= 7
3 - PVC (14.06)
6
- cortical bone (13.23)
S \
Mass attenuation 4 e ALU3)

coefficient vs energy "\ HO (7.46)

3

2

1 T e e

0

] A 2000

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Prof. P. Coan # 57 E KkeV
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pencil beam (1970) partial fan beam (1972)

1. translation "\ 1. translation
) TRy

]

1* generation: translation / rotation

————————|
Prof. P. Coan /62%058
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fan beam (1976) fan beam (1978)

stationary
detector ring

rotating detector arc

3" generation: continuous rotation 4" generation: continuous rotation

Prof. P. Coan # 59
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CT SCAN DATA TRANSFER
sliding electrical contacts

......... X‘ray tube

Contacting ways

Now also no-contacting ways
(optical connections)

- detector

detector electronics

electrical power projection data

Prof. P. Coan /62000
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frontal view lateral view
x-ray tube -oeeerr s
------ shaped filter
""" fixed collimator
------ adjustable
gantry opening COI“matOr
field of
measurement .-..-..... center of
rotation
anti scatter adjustable
collimator ---------- -- collimator

detector array

fixed collimator

a)
The design of CT system is engineering-wise demanding - high mechanical accuracy
[— —
Prof. P. Coan /62000
e How do we measure an
LMU | &% | | object in CT?
Pencil beam case
(i.e. first clinical CT scanners: over 180°, step rotation=1%, 160 data points per projection)
/(A?ODL
| TODAY:l
Fan beam, over 360°
- better sampling = image quality
- overlapping sampling
- 800-1500 projections
- with 600-1200 points per projections
Prof. P. Coan #62
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‘Fable 2.1 Performance characteristics ' of CT in a comparison from 1972 to 2010

4/29/2020

LMU : 1972, - | 1980 (19907 |- 2000 2010 Al
' Rot. time 300s 5-10s 1-2s 0.33-0.58 0.27-035s —
per 360°
Min. eff. 300s 3s 0.7s 0.2-03s 0.075-0.2 s
scan time 2
Data per 576 kB 0.2-1 MB -2 MB 5-20 MB 0.1-1 GB
3607 scan
Data per - - 12-24 MB 0.1-1 GB 1-160 GB
spiral scan
Image 80 = 80 256 %256 | 512x512 | 5i2x512 | 512x 512
matrix ?
Power 2kW 10 kw 40 kW 60-100 kW | 80-120 kW
Slice 13 mm 2-10 mm 1-10 mm 0.5-1 mm 0.4-0.6 mm
thickness
Spatial 3 Lp/em 8-12 Lp/cm | 10-15 12-16 12-25
resolution Lp/cm Lp/em Lp/cm
Contrast S mm/ 3 mm/ 3 mm/ 3 mm/ 3 mm/
resolution SHU/ IHUW 3 HU/ 3 HUY/ 3HU/
Prof. P. Coan 50 mGy 30 mGy 30 mGy 30 mGy 30 mGy ‘M 2000’
LUDWIG- i
MAXIMILIANS- -
LMU UNIVERSITAT ‘ 7
MONCHEN |
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