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Introduction

Discovery in 1895 of a new form of radiation (X-rays) by Wilhelm Conrad Roentgen
(1845-1923) at the University of Wurzburg in Germany, on November 8, 1895

Prof. P. Coan https://americanhistory.si.edu/collections https://www.gettyimages.fr
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Mrs. Rontgen’s hand
1895

a non-destructive imaging method for looking inside an object
reveals INHOMOGENEITIES and SINGULARITIES in the sample

through the interaction of the used probe (i.e. X-rays) with the object

Prof. P. Coan
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« The first medical use of x-rays
- Lancet, Jan 23, 1896.
— To locate a piece of a knife in the backbone of a drunken sailor.

« The first recorded biologic effect of radiation was due to

Becquerel.
— Left a radium container in his vest pocket.
— 2 weeks later, he found skin erythema and ulceration.

#5
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For almost 20 years before 1895 scientists produced X-rays in their laboratories,
using several varieties of Crookes tubes, and the so called Pulyui’s lamp,
but without realizing their potential

The Ukranian scientist Pulyui designed in 1880 a lamp that emitted unknown rays.
He noticed the lamp’s side effect, namely barium crystals shimmering in its light

He received even the gold medal at the World exposition in Paris, 1881

lvan Pulyui got the first X-ray image of a live human skeleton 14 years before Roentgen

Prof. P. Coan 46



. X-ray imaging is not really a new technique!

... applied to medicine right the way!

?( ] ray.S Tom OSerT hesis
for imaging... I
Rbntgen | ‘ | 7
1895

... and therapy

247

E. & G. Frost perform the Radiotherapy at Children Cyberknife
first American medical X- hospital, Vienna, 1921

ray in Reed Hall,
Dartmouth College, 1896

Prof. P. Coan
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Detector

_, “unchanged” and
very simple set-up

Object \
under study

/

X-ray
beam

Why does it work with X-rays?

—Weak X-ray attenuation by matter — sample (semi-) transparent

— X-rays undergo only very little — negligible change of rays direction
scattering and refraction when traversing the sample

Prof. P. Coan 438
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» Clinical: applications to patients
(es. mammography, angiography, ecc.)
—> need to limit radiation dose. Find best compromise between dose
and image quality

» Imaging of small animals: applied for different purposes in the
development of animal models
(es. Cell tracking, Osteoporosis, genetic diseases,..)
- Research protocols, control of dose.

> “In-vitro” imaging: it concerns the study of biological samples.
(es. micro-tomography applied on bone samples, scaffolds,
cartilages, etc.)
- Requirements of high resolution and high sensitivity

Prof. P. Coan

Increase of dose and spatial resolution
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The radiographic chain




1. The X-ray production

_ - matter/sample - detection system
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1. An X-ray generator (providing the power to the X-ray tube)
2. Acathode and an anode under VACUUM

3. A glass envelope for protection (leaking radiation, electric shocks, mechanical destruction)
4. Systems for defining the useful X-ray beam (collimators, filters etc.)

Electrons are accelerated
by a high voltage.

£l
Coppar rod lor
heal dissipation

x-rays produced when
high speed electrons
hit the metal target.

- The tube is typically surrounded by an oil bath and lead housing

Prof. P. Coan

http://tech.snmjournals.org
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The X-ray generator provides operator control of the radiographic technique.

= |t applies the high voltage (HV) to the X-ray tube. The value and form of this HV
determines the quality of the produced X-ray beam

= |t heats the cathode and produces the required tube current (mA)

= |t determines the exposition time (i.e. beam on/off)

" It delivers the power T
to the X-ray tube

— - l#
«—— High-voltage cables ——3 +

-

K “—— Cable sockets — |
rExpansion
bellows \_/ X-ray tube insert
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input I | |
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+ rectifier circuit _ Filament Anode rotor
transformer
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Computer Transformer oil

windings
control Stator power }-~ & Anode

X-ray generator X-ray tube
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Low AC voltage High AC voltage
A~V AVAY
Single phase High-voltage Rectifier
transformer
o, Single phase
100% full wave rectified
(two pulse)
Three phase

= HV Transformer: to increase or decrease the input voltage (HV ~ 440 V)

= Rectifier: from alternating current (AC) to direct current (DC)
It uses diodes, which only permit current flow in one direction
Aim: to produce a constant waveform -2 ripple=variation

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. #15
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@TE %T T 1. Cathode~ coiled metallic wire (e.g. Tungsten)
/‘ \ i T The high resistance in the filament causes

rﬁ—o-ﬁ- 0- 0-\ temperature to rise (> 2200 °C) resulting in

F1ee /SN the thermionic emission of electrons
| veson aecions| 2. Focusing cup — cathode block:
metal cup kept at the same potential as the filament
ke I - - helps direct the e to the target
supply

3. Modern X-ray tubes:
two filaments - choice of two spot sizes

Typical filament parameters:
- voltage (V): 10 V
- current (I): 4 A

=) Dissipated power =V x | (kilowatts)
~40 W

http://fiziknota.blogspot.fr http://whs.wsd.wednet.edu
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Current .
o Electrons are directed and accelerated
Elaectrons altracted 2 o
Annde by positive petential by a high voltage applied between
N anode the cathode and the anode

acuum _ S

/\ =\

tu be o
=) | KILOVOLT PEAK: kVIO
E?E E,T T : typically: 50 — 90 kV,, (chest radiog. ~120 kV/)
b
f '{__ ‘ _.-'I "™ Low AC voltage High AC voltage
L . / .
(86660} U ]
Free 1OC —
electrons ™ " I— , High-vol ifi
— "N Heated cathode Single phase trlgns‘fl:r::gf Rectlier
gives off electrons
liube Rippie | Peak |
 — o Single ph
Flamen I 100% full wgvz pregt?l?ed
EJFlFll'f." (two pulse)

= At the saturation voltage all e~ are pulled aw

Three phase

Prof. P. Coan http://fiziknote
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Anode:

positively charged and includes
the target (high Z material) where

X-rays are produced

i

— | Electrons
ungsten |
target  “l¢

Cathode

v B

Window

Focusing cap

™ Cathode

filament

= e striking the target - heat & X-rays

= Tungsten (W) the most used because: high Z (74), high melting point (3422°C)

= Rhenium is often added for reducing pitting and cracking due to overheating

= Molybdenum (Z=42) and rhodium (Z=45) used for targets in mammography

Prof. P. Coan

Huda, Slone, Rev. Radiologic Physics IIEd.

# 18




LUDWIG-

MAXIMILIA;IS-
I.MU wonchen | | The rotating anode
Stationary . Rotating  Mewvdenum ek
argel locu (tu n-r |
anode sy anode USsier: o
evolution

= A stationary anode: W embedded

In copper

= Copper is a good heat conductor,
but heat dissipation is limited!

Prof. P. Coan

Focal

track

voltage
circui

http://whs.wsd.wednet.edu

target
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/ Anode
i
_— e
1 Line focus principle
F— <t
X- rays

Angle of the anode

\

Prof. P. Coan

= Line focus principle: permits larger heat loading while
minimizing the size of the focal spot by orienting the
anode at a small angle to the direction of the X-ray beam

* Focal spot = apparent source of X-ray;
dimension of the source as viewed from the image

= Focal spots must be small to produce sharp images, but
large enough to tolerate high heat loading

Focus — detector distance
(cm)

Angle 100 110 120

12° 41 45 49
15° 51 57 62
17°30' 65 71

Field dimension
(cm)

# 20
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Tube loading

Of the electrical energy supplied to an X-ray tube : 99% heating - 1% X-rays !

Tube loading depends on:

KVp
s
Waveform

MA Time

Produced

Heat

/AN

Heat
Capacny//,

2

Focal Spot

<

, Housing
Anode

Factors determining the amount of heat
produced and the three areas of an X-Ray
tube that have specific heat capacities

Prof. P. Coan

- tube voltage (V)

- tube current (I)

- exposure time

- number of exposures

» This energy is temporarily stored in the anode,
whose heat capacity is of several 100.000s joules

tube
housing

# 21
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For given V and I, the energy dissipated during an X-ray exposure (t in seconds) is

Vx| xt joules

In radiography, typical values for the dissipated power are:

~ 80 — 100 kW for large focal spot sizes
~ 20 kW for small ones

The power P in watts (W) is equal to the energy E in joules (J), divided by the time period t in seconds (s): Py, = E, / t

Prof. P. Coan http://www.sprawls.org # 22
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- lonizational losses giving rise to delta rays or eventually heating

- Bremsstrahlung through the collision between the electron and a nucleus
- Characteristic radiation: electron ejects a shell (K) electron

K characteristic

radiation
|b|l “d”
| e
surface of
= ,//////// target
\
Qe
P
K electron ';‘
ejected /
delta rays E-hu
K\slectron
omes to
rest 2654F

Prof. P. Coan Physics of Radiology, Johns, Cunningham # 23
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@ = Continuous spectrum

@ C = Up to E,,, determined by the max

74 protons 5 - . 5
110geutron - kinetic energy of the incident e

= Major contribution to the total
L) spectrum

» Increases with the accelerating
voltage (kV) and the Z of the anode

Bremsstrahlung radiation is produced when an energetic electron (1) (with initial energy E,)
passes close to an atomic nucleus. The attractive force of the positively charge nucleus causes
the electron to change direction and lose energy. The electron (2) now has a lower energy (E,).
The energy different (E;- E,) is released as an X-ray photon (3).

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. #24
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Molybdenum *Mo

» Characteristic X-rays occur only at
discrete energy levels

= Each anode material has
characteristic X-rays of a given energy

Number of
electrons

= e~ energy must be greater than the
K-shell binding energy (W: 69.5 keV)

19.98 keV
= Only K-shell characteristic X-rays

19.5 keV are important in diagnostic radiology

0.005

Electron binding energy (keV)

17.4 keV

Characteristic radiation is produced when an incoming electron (1) interacts with an inner-shell
electron (2) and both are rejected (3). When one of the outer-shell electrons moves to fill the
inner-shell vacancy, the excess energy is emitted as characteristic radiation (4). Sometimes the
excess energy is emitted as an Auger electron (5) rather than as a photon.

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. #25
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FULL EMITTED X-RAY SPECTRUM

Number of photons

s

Characteristic L-shell x-rays

Bremsstrahlung x-rays

¥~ Characteristic K-shell X-rays

/

Maximum
energy

Prof. P. Coan

20 40 60 80 100 120

Energy (keV)

Huda, Slone, Rev. Radiologic Physics IIEd.

Relative Number

N(E) = C X Z X (E,ox -E)

E.ax = Max X-ray photon=e- energy
C = constant
Z = atomic number of the target

# 26
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Polar diagram showing the variation of the intensity of the X-ray vs angle
produced by the electron bombardment of various targets

b)

T / "/ o -
\ / / - /’ \
.\ \\\ \\ f// /, / 5 z 005 ‘\‘\&‘ 20
o\ / — 05cm
% KX \ // / /,, 10 MeV Ly ngsten
~ \| | |""l & - 20 MeV ta rge' \llo
1 L7 == AT

N / £ —

B
Electron * - C ﬂ
beam —

’4; 4 \ ; =iy
A .?thg o, Ny SO 10
"EEY i
7 i Nl \ R ,{20
120~ T\ “a */30
\ .
RN,
X | \\. \\ \\\ 40
| "\ /66
5° 9:6’755/ 70
Physics of Radiology, Johns, Cunningham The direction of bremsstrahlung photons depends

Prof. P. Coan strongly on the electron energy #27
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If we strike thin metal target with mono-energetic electrons we get angular
distribution of Bremsstrahlung X-rays that are azimuthally symmetric

Bremsstrablung Angular distribution

20 MV
o
yr 0

Thin target 100 KV

At 100 keV, nearly isotropic
At higher energies, more forward peaking

Prof. P. Coan http://www.uthgsbsmedphys.org/gs02-0093/2.3b-productionofxraysnotes. pdf
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Collimation and filtration

COPPEr = |2
anode

Anode

==

2 mm added
Al filtration

A | | Elactrons

e

Cathode

0=

Cathode
filament

Attenuation coefficient p
b fhickness x

Filters

Collimators:
To geometrically shape the X-ray beam

Filters:

To remove low-energy X-rays which have
negligible chance to pass through the patient and
contribute to the patient dose but not to the image

- Glass window: inherent X-ray beam filter

- Beryllium: very little filtration, used in low-energy
applications such as mammography

- Other filters are also added (Mo, Al, Cu)

Each photons is attenuated with a probability exp (-px)

- DO NOT affect the max X-ray energy

- will ALWAYS reduce the X-ray tube output

Beam hardening

—> the average X-ray energy is increased

Prof. P. Coan

Huda, Slone, Rev. Radiologic Physics IIEd.

# 30



LUDWIG-

MAXIMILIANS-
LMU wonenen T | | FILTERED X-RAY SPECTRUM

Characteristic L-shell x-rays

s/

\m Bremsstrahlung x-rays
@ No filters
¥~ Characteristic K-shell X-rays

Maximum @ With filters (+)
energy

20 40 60 80 100 120
Energy (keV)

Number of photons

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. # 31
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TABLE 2.4. Representative filtration values

Filtration value

Technique (kVp) Typical added filtration
Screen/film mammography 25-30 30 wm molybdenum
Radiography ~80 >2.5 mm aluminum
High-voltage studies (chest) >100 Copper/aluminum
High-energy imaging >200 Tin/copper/aluminum*

* Thoraeus filter.

Prof. P. Coan

Huda, Slone, Rev. Radiologic Physics IIEd.
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EFFICIENCY of X-ray production ~ kV x Z x 10°
~ 1% for materials with high Z at 100 kV/,

X-ray tube INTENSITY (output) ¢

Number of photons

Prof. P. Coan

Increase mA

600 mA

P

0 20 40 60 80 100

Energy (keV)

tube current (l,,,.) | ocV 2 |

exposure time (t) tube " tube

Increase KVp

Number of photons

0 20 40 60 80 100
Energy (keV)

Huda, Slone, Rev. Radiologic Physics IIEd.

t

# 33
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» The X-ray spectrum can be measured with spectrometric methods
(pulse-height analysis in combination with scintillation or semiconductor counters)

BUT expensive & time consuming

= Half value layer (HVL) is recommended for quantifying polyenergetic beams

= HVL =thickness of the absorber that reduces the number of photons
(or equivalently the exposure or the absorbed dose in air) by 50%

{ \ . absorber

Atleast 50 cm . (aluminium or copper)

Collimated field. "'Ju ,' |
| \  Airfilled ionization chamber

-~ with electrometer

= X-ray quality often given as HVL in Cu or Al

N=N,e*=
N =% =N e+
—nvL-22

= used for determined the equivalent photon energy, I.e. quantum energy of a

monoenergetic beam having the same HVL

Prof. P. Coan

# 34

http://www.uio.no




2. The X-ray interactions with the body

radiation - _ - detection system




T The most important effects in radiography
I_IVIU unversar | |Schematic of photon interactions
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Rayleligh scattering Photoelectric absorption
R R Several ways for X-rays and
:'/,1/_
e gamma rays to be absorbed or
& S
g— NS Scazered
ANAN~ )OO AN %/ ,\\ scattered by matter
ey W=y >
hotcer Atom Excited ;”";:V . Th l l
aiom " ”
No transfer of energy to the medium \\ \ /y [:‘ C: 1:«‘;; (‘:'I-
Compton scattering Pair production . DRy Penetrate -
Scattered "
J photon T Electron (&%) N e e
Sl T, T _ - [y
&— ,V' E'Wffl‘.‘ "-'.'\’ _-___—"I L
e \\ " ‘\"/5‘! the Nucksus \ ML
A ﬁl_,“‘.vt"-""" "‘.l‘," o~ "V '____ = /'A\A‘-"-,"‘l".' VAY) VAV, o '-':_3;.‘:";.\:1(!(.:2 | v
-':.'1 y > " f ']?’"‘“—:\>"—" "' Primary lu\ ."-~___l__ S,
ton | ‘ : - ‘ -, photen \ /l -—"--‘. wem— T~ sca"o
\ .' Secondary electron S p Positron (6" e = —
\ // (or Complon edectron) P St pevne -~

Four major interactions are of importance to diagnostic radiology and nuclear
medicine, each characterized by a certain probability of interaction (cross section)

- Photoelectric effect (1)
- Rayleigh (classical or coh.) scattering (Og) = Z Hi =T+ OR+O0c+K

- Compton scattering (o) — pr— z
. . otal linear attenuation = sum of cross
- Pair productlon (K) sections of the different interactions

Prof. P. Coan # 36
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The attenuation, i.e. reduction of the intensity, of an X-ray beam
may be caused by absorption or by deflection (scattering) of

photons from the beam

Penetrate

3 S‘?aly,,

= Attenuation affected by the properties of both the radiation and the absorber (matter)
- See cross sections and their dependences

v X-ray energy

v" Number of photons
v Absorber’s density (or physical state)
v" Absorber’s atomic number
v Absorber’s thickness

v

Prof. P. Coan

Type of
interaction

Interaction

Absorption

Scattering

Elastic
(Coherent)

Inelastic
(Incoherent)

with:

Atomic Photoelectric Rayleigh Compton

electrons effect scattering | scattering

~ ZYL.E.) op~ Z? 7
Tre\ ~ Z5(H.E.) (L.E.) oc
Physical Properties of Selected Materials
Effective Atomic Density 50 keV Linear Attenuation

Material Number (Z) (g/cm?) Coefficient {cm'!)
Water 7.4 1.0 0.214
Ice 7.4 0.917 0.196
Water vapor 7.4 0.000598 0.000128
Compact bone 13.8 1.85 0.573
Air 7.64 0.00129 0.00029
Fat 5.92 0.91 0.193

Note. —Data from reference 1.

# 37
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LMU universITAT | | attenuation of water
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Handy guide to the relative contribution
of the 3 major types of X/y-ray interactions

T PP rrree I rFrrrrrm T T T T U 1 17 rrirr

'20'- s

- -

00" p
Photoelectric effect Pair production

™ dominant dominant j

Z of obsorber
B

60}
4 Compton effect
40 Ly dominant
r-
20}-
0 L 1 L | L
0.0 005 O 0S | 5 10 50 100

Photon Energy hy, in MeV R. D. Evans
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Let’s consider the case of monoenergetic X-rays

lo

sample 1
X-rays
M1
X | | i . <
L7 ~ detector |
= INTENSITY
downstream the sample: x

| = IO exp (-|J. X) Lambert-Beer’s law

U = total X-rays attenuation coefficient for a given material

Prof. P. Coan # 40



LUDWIG-

| MU  |ewvesie | | What do we measure?

Case 2: inhomogeneous object, monochromatic radiation

I =17 .e—/‘l'dl—FZ'd’_’—l‘3‘d3—~-~ =
0

d
. . n = ds
Simple and ideal case, but... = § .e-[z,._lﬂ,-d,} = T2 §
= = — 0 0
[Case 1. homogeneous object, monochromatic radiation
P:mﬁzzﬂd
I =1,-¢e"" I e
1 _ g =
P=In=2=y.d R i
1 d
1 Ji Case 3: inhomogeneous object, polychromatic radiation
U = —-In =2
d 1
d
Emax *Ill(E)ds

I = j I,(Ey-e® dE

0

P=lnl—0
1

plx,y) =7

Prof. P. Coan Kalender, Computed Tomography, 2011 #41
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1.E+03 i .
] — adipose tissue
LE+0 - — breast
skeleton-cartilage
— 1.E+01 1 skeleton-cortical bone
2
(q\
£ 1.E+00 A
1.E-01 4
1.E-02 T T T |
0 20 40 60 80
energy (keV)

Strong energy dependence

Prof. P. Coan # 42
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Subject contrast: difference in X-ray intensities transmitted through a
detail/lesion and the adjacent structures/tissues

100 KVp 30 KVp
=) Strongly depends on the X-ray E

mm W 111 Wy Wy e E e ahwbe

- X-rays are more penetrating

T T Muscle | Lung 71 em - the subject contrast is reduced
Density 17 g,c 1.0 glom® 0.1 glom’ T B - the Compton effect becomes
'“J luJ l lum 1 ml ‘luu more important (- lower contrast)
74%  84%  98% 21%  68%  96%

Percent transmitted

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. #43



3. How to choose the X-ray parameters




Coefficient d'atténua tion (cm)
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(=}
) ~ w A oo~
1

Soft tissues

Difference
visible at low
energies

~
-~
T —

N ———

mammographie

Energie (keV)

The choice of the energy is fundamental for obtaining high contrast images

Prof. P. Coan

Coefficient d'atténua tion (cm-)

High Z tissues/materials |

Difference
visible at all
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Best energy for one image
(for a given sample, composition, thickness..)

Low energy because the mass absorption coefficient is higher..

But not too low because:

—> otherwise too little number of photons passing through tissues
(high noise-> poor visibility)

—> too high dose

Prof. P. Coan 246
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With a X-ray tube, for a given sample you can:
Adapt kVp,

Adapt filters (Mo, W, Rh...)

Play with mAs to reduce dose

The ideal source:

= You use monochromatic X-rays (max contrast, minimum dose)

= |f sample is thicker, you only change the exposure time (without

changing the spectrum!) 5
ut thjs ;
this js not the Clinicg| casel

Prof. P. Coan



4. The detection system

radiation - matter/sample - _
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Primary Radiological Image

primary
- ‘radiological
image

primary
diaphragm

FANERHE RERARRRRRY

scattered .
radiation grid

intensity __,_
at detector

383K

How can we visualize the primary image?

Prof. P. Coan Physics of Radiology, Johns, Cunningham
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Analog radiography Digital radiography
= uses film to capture, display and = uses digital detectors:
store radiographic images in photostimulable phosphors, scintillators,
combination with film developer photoconductors, and computer-based
and processor systems iImage handling and treatment
—Tlie;zozq__

' >eq t;day

http://www.toshiba-medical.eu
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The primary image is converted in darkening of the film

FILM EMULSION— § - . : Yy e~ 103m
with an emulsion layer on ) 110
both side of the base or on BASE — 50 um
only one side { J
EMULSION—= T = : ~f

Emulsion: silver halide (iodobromide) grains

SCREEN-FILM
Intensifying screens convert —
X-rays to a light pattern and | ,..ityina Screans —|
improve the efficiency over

use of film alone 1

Screen: phosphor crystals

Prof. P. Coan http://www.sprawls.org 451
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cassette

3 \
X-rays
ID window screens m
Fantiont sea Cassette front X Y > ,
% <— Base
e <— Phosphor
{ 4 —— . EMulsion
Film (R R L LR | «— Base
: ' <— Emulsion
<— Phosphor
Screen o Foge
Felt DS

film &

Cassette back gt = < Metal

= Screens are permanently mounted on the cassette on
layer of compressible foam |

%
» The foam produces force, which holds the screens 7% j& Screen
tightly against the film Film

= Good screen-film contact (no air gap, no impurities) for _/\_J\/\ Screen blur

good image quality

1\\

mCassette with 2 screens: ~50% absorption effic.

Prof. P. Coan http://www.uiowa.edu Huda, Slone, Rev. Radiologic Physics IIEd. 452
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Film
]
P Ry T
W G ~U
-r
~J ay =
High
l L
Exposure
Low R
r{fj:'.j
iy
______ l __—__[_;?"f:.,:
i :—2::"
™~ R
X-ray 17 Light
S P -~
e
o
Screen Film

Prof. P. Coan  http://www.sprawls.org

Same
Density

Intensifying screens

!

Less exposure

!

Less dose to the patient

Screen materials

Until about 1970s calcium tungstate
(CaWwOQ,) was used in screens now
other rare earth based screens used
because of their higher efficiency

TABLE 4.2. Elemeats used in screens

K-shell binging

Element ARorric no. energy (k2V)
Yitrium {Y) A 17
Barium {Ba) % 37
Lanthanum &7 33
Gadolinium (Gd) B4 30
Tungsizn (W) ! i)

Huda, Slone, Rev. Radiologic Physics IIEd. 453
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After processing, the film blackening reflects
the pattern of X-rays reaching the cassette

V)T

%

" ‘\. - . .~‘ < 0
1 NK\E
| |
Film blackening «—> Number of photons

NS

OPTICAL DENSITY (OD) = log,4(ly/l,)

=
.
)
c
@D
(]
®
9
it
O
O

I, : light intensity incident on the film
I, : light intensity transmitted through the film

10
Relation between exposure and Relative ExpDEUFE
resultant film OD

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. 454
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Characteristic curves

Film contrast
relates to the observed A(density)

measured on the film for a given
A(exposure) incident on the film

Film gamma
max slope of the linear portion of the
curve (depends on film types and processing)

Film latitude

range of exposure level over which
the film may be used

Film contrast and film latitude:
Inversely proportional

» Dynamic range:
highest exposure/lowest exposure

Prof. P. Coan

for 2 different films

3.0
Shoulder region_
2.0 —
Q T
(/7]
S .. -A. --------------- )
= 1 [mage Image contrast Linear
S contrast film B fegion
g film A v
o
1.0 - l v
Toe region
BT, Loan e <> Subject
Base + fog level t contrast
0 1 ] 1 I
.01 A 1 10 10

Log exposure ( mR )

Film A has a higher contrast; film B has a wider exposure latitude.

Huda, Slone, Rev. Radiologic Physics IIEd.
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The problem of X-ray scattering!
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AIR GAPS: - scattered X-rays are less likely to reach the screen-film receptor
- mainly used for magnification neuroradiology and mammography

GRIDS: - the most efficient way; placed between the patient and the film
- made of narrow ‘parallel’ bars of lead or other highly attenuating materials

Grid ratio = %
X-ray source Strip line density = _1

Lead

Interspace ;
strips

material

o8

m‘i

| KAy N NN N B NN W | <Focused grid

<-Cassette

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. # 56
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Analog radiography Digital radiography
= uses film to capture, display and = uses digital detectors:
store radiographic images in photostimulable phosphors, scintillators,
combination with film developer photoconductors, and computer-based
and processor systems iImage handling and treatment
—Tlie;zozq__

' >eq t;day

http://www.toshiba-medical.eu
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Computed radiography
and digital radiography

Computed radiography
uses storage-phosphor image plates with a separate image readout process

Digital radiography
converts X-rays into electric charges by means of a readout process using TFT
(thin-film transistor) arrays

i
i
|
i
|
i
5 Digital x-ray
j Technologies
i |
[ ] [
[ | [ ]
i
Conversion | Direct Indirect
process | Ccomversion Conversion
|
| | |
|
Detector i Photoconductor Scintillator p?'.tc?srﬁﬁir
. |
properiies i ase Csl BaFBr-Eu®

| 3
|

Prof. P. Coan
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INDIRECT-CONVERSION TFT detectors

DIRECT-CONVERSION TFT detectors

a scintillator layer
+

a light-sensitive TFT photodiode

a X-ray sensitive photoconductor layer
+

a TFT charge collector

X-Ray photon

|
|
v

Scindliater (Csl) Al Thin Film

X-Ray phctccg

__Negalive
glectrode

¢

|

i

i

i

Y

&
Photoconductor (Se) &
& | Positve

" |||| ||||| I Transistor Amay [TFT) | I | "l I electrode

— Glass support leyer ——

Stored charges read out electronically

A. Indirect (scintiliztor)

B. Direct [photoconductor)

MATRIX READOUT = PIXELATED DIGITAL IMAGE

Prof. P. Coan

Huda, Slone, Rev. Radiologic Physics IIEd.
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a X-ray photon b
1. Layer of photostimulable crystals

— / :_\ - formation of a latent image
.//// - -\\\1\ / / \\\ \'-. .

(energy trapped in the crystal structure)

c — d — photostimulated luminescense (emission of blue light).

Photostimulated

luminescence (PSL) . This light is collected by photodiodes and converted into

R

. l//// \\\\I /////,—\\\\ electric charge > ADC

Laser beam \\ /// \\ /// 3. Residual signal erasure

L. Lanca and A. Silva, Digital !nwgmg Svstems for Plain Radiography,
Prof. P. Coan DOI 10.1007/978-1-4614-5067-2_2, © Springer Science+Business Media New York 2013 |



TFT array
i i i Collects charges from the upper

Photodiode or charge collector
Converts x-rays to light

layer
or to electric charges

Electronic control
Triggers the switching diodes
Switching diodes
Connects each pixel to readout device
Analog-to digital
Multiplexer conversion
Readout the electronic signal
Advantages:

- compact size
- Immediate access to digital image
- higher conversion efficiency (vs CR and screen-film)

L. Lanca and A. Silva, Digital Imaging Systems for Plain Radiography,
DOI 10.1007/978-1-4614-5067-2_2, © Springer Science+Business Media New York 2013




Large-area indirect-conversion systems use Csl or gadohinium oxisulphide
(Gd;0,5) as an X-ray detector. The scintillators and phosphors used in indirect-
conversion detectors can be either structured nr}unstmctumd

b

unstructured structured

L. Lanca and A. Silva, Digiral Imaging Systems for Plain Radiography,
DOI 10.1007/978-1-4614-5067-2_2, © Springer Science+Business Media New York 2013
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Evolution of digital detectors

Table 2.1 Timetable of developments 1n digital technologies

Year Digital technology availability

1980 Computed radiography (CR), storage phosphors

1987 Amorphous selenium-based image plates

1990 Charge-coupled device (CCD) slot-scan direct radiography (DR)

1994 Selenium drum DR

1995 Amorphous silicon—cesium 1odide (scintillator) flat-panel detector
Selenium-based flat-panel detector

1997 Gadolinium-based (scintillator) flat-panel detector

2001 Gadolinium-based (scintillator) portable flat-panel detector

2001 Dynamic flat-panel detector fluoroscopy—digital subtraction angiography

2006 Digital tomosynthesis

2009 Wireless DR (flat-panel detector)

L. Lanca and A. Silva, Digital Imaging Systems for Plain Radiography,
Prof. P. Coan DOI 10.1007/978-1-4614-5067-2_2, (© Springer Science+Business Media New York 2013
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Digital vs analog radiology

= Digital radiology separates image capture, image storage and image
display functions that are all performed by film in screen-film imaging

» Possibility of improving the image quality by applying equalization,
filtering, masking etc. procedures

# 64
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Radiography

* Iimage recorded either with film-screen systems (analog radiography)
or digital detectors (digital radiography)
= Higher power: > 100kW and exposure times ~ ms — s.

Fluoroscopy

» Real-time observation and imaging of dynamic activities

» RX + Image intensifier + closed-circuit TV systems (video or spot film or cine
and photospot camera etc.)

= Low power (70-90 kV, 1-5 mA, variable exposition time), low dose
(= high quantum noise)

Prof. P. Coan # 67



X ~ Image Optical v v
b;aym intensifier system camera monitor
Patient
\Beam Video
1 spiting __ signa
) mirror
Automatic brightness Photospot films or
confrol unit cine camera

FIG. 4.5. A typical fluoroscopy imaging system.
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Focusing
electrodes

Z 1\

Output phosphor

Incoming
x-rays

Electron
beam

Aluminum Input ‘ppotocathode  Vacuum
cover phosphor tube

FIG. 4.4. Incoming x-ray photons pass through the thin aluminum cover of the image intensi-
fier and strike the input phosphor to produce light. The light strikes the photocathode, produc-
ing electrons, which are accelerated toward the anode by a 25 kV potential. Light is produced
when the electrons strike the output phosphor.

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