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SR, Evolution of digital detectors

Table 2.1 Timetable of developments in 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 iodide (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)
+ Single photon counting detectors

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 #4
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More-in-foltowing tectures
FlashPad, GE’s next-generation S
wireless flat-panel detector-
M. e
Séniooni 8%2

Direct conversion 1o electrical signal

Each photon that hits the detector element
generates an electrical pulse with a height
proportional to the energy deposited by
the photon. The electronics system of the
detector counts the number of pulses with

http://www3.gehealthcare.nl heights that exceed the preset threshold level.

- Energy-resolving detectors

Interesting for medical imaging, because

these detectors can:

= Reduce image noise substantially

= Increase the spatial resolution

= Use k-edge imaging to measure
concentration of specific elements

= Reduce beam-hardening artifacts

Shimadzu

Wireless flat-panel technology
Single photon counting detectors

- reduction of radiation dose

https://pubs.rsna.org/doi/full/10.1148/radiol.201
8172656

Prof. P. Coan #5
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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

Prof. P. Coan #6



Detection systems for radiography: key (desired) characteristics

(HIGH) SPATIAL RESOLUTION
(WIDE) DYNAMIC RANGE
(LOW) NOISE
(HIGH) QUANTUM EFFICIENCY
DOSE PERFORMANCE

PROCESSING OF THE SIGNAL
(digital nature of the image)

(HIGH) SPEED

The radiographic chain

4/28/2020
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= Complicated concept

= Objective and subjective assessment

Prof. P. Coan #9
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Sivakumar et al. DOI: 10.1109/ICF’RIME.2012.6208363
Prof. P. Coan # 10
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eecor IMage quality depends on:

- X-ray source and beam characteristics

undef’s?{?;; - Interaction X-ray with matter
(Mechanism of contrast formation, photoelectric,
/ coherent scattering, Compton..)
X- q
s - Detection system
IMAGE QUALITY CHARACTERISTICS
J v ‘
Keywords: ‘

7V W
= NOISE ﬁ : 1 e

-
= SPATIAL RESOLUTION

THAT AFFECT VISIBILITY

Prof. P. Coan #11

.o || IMage contrast
LMU)| |itve=| | (ideal case)

lo

|
X3 = INTENSITY:
X-rays [ ‘ .
| | S I, = Toexp (-Hy X)
‘ Ho ‘ '00'_;
‘ Uy ‘ g Lambert-Beer’s law
« sample ‘\Tl‘ - (monoenergetic case)
I1 — Iz
CONTRAST: C=—¢=—
|1
_ GXp(_:u'lxl)_ Iy eXp(_ﬂl(xl ~ Xz))eXp(_ﬂzxz) —1-e (—X ( _ ))
= | ( ) = XP\—= X\, — 14
0 EXP— 14X
’ C increases exponentially with either x (thickness) and Ap ‘
W = X-rays attenuation coefficient for a given material
Prof. P. Coan



LUDWIG-

LMU | |iiv=smss | | Image contrast (1)

MUNCHEN

Scattered radiation and the detector device have an effect

Let’s consider a monoenergetic (E) and parallel incident X-ray beam E(E, Ja

primary etector efficiency:

photon how efficiently the detector absorbed a
—> photon with energy E and an angle 6

\\ 0 ) secondary S (E: X, v, Es ] Q)
. photon
:)"hcc'fs:sl Scattered radiation within the solid
angle dQ impinging the area
detector plane (x, x+dx; y, y+dy) with energy € E.+ dE,
sample (x.y)

Radiation impinging in the area x, x+dx; y, y+dy:

I(E.x.v)=I(E)e(E.0) e “" 7% L ¢(E.0) S(E:x.v.E,.Q) dE.dQ

Mgy (Eix.y.z)dz scattered radiation/

( 1+ JE(E'- X,¥) ) primary radiation ratio

I(E.x,v)=I(E)£(E.0) e

Prof. P. Coan #13
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IMAGE CONTRAST  ~ _ (A

for a real case I
(assuming the same quantity ‘ 1 — g~ (E)-m(ENh It includes both
of scattering radiation) C (E ) = scattering and

1+R(E) detector efficiency
contributions

C increases exponentially with either x (thickness:I) and Ap ‘
&

C depends on the detector and on the scattered-transmitted
radiation ratio (which reduce the contrast)

&
C DOES NOT depend on the photon flux

Prof. P. Coan #14
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Without Scatter With Scatter
( Scatter Factor=1) ( Scatter Factor=4 )

D
|- — -

Contrast= 100%/1 = 100% Contrast= 100%/4 = 25%

Reduction of Image Contrast by Scattered Radiation

Prof. P. Coan http://www.sprawls.org/ppmi2/SCATRAD/#CONTRAST%20REDUCTION
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Several methods to reduce the effect of scattered radiation but none capable of restoring
the full image contrast. Each scatter reduction method usually involves compromises.

AIR GAPS GRIDS COLLIMATION
Increased patient-to-detector ~ Selective absorption of scattered rad. Reduction X-ray beam size
distance
l~rayYubc7

| Grid
A o | Focal Point
- A
9 g
Primary Source

Primary.
Scatter Source
= 7:::,,:% ~
| ..~ Scatter ¢ g
| AirGap | v
/ Primary Scatter
™ Receptor : Sk Aberpion o Scatered R b  Grid Contrast Improvement by Reducing X-Ray Beam Size

Contrast mprovement by Usiag s Alr Gap

Grid misalignment can produce cut- This method is limited by the necessity
Patient exposure is increased  off artifacts. Possible interferences: to cover a specific anatomical region.
because of the inverse-square  jmage of the grid strips on the Contrast can be improved by reducing
effect (I o 1/%). Arr gap  detector or abnormal attenuation in the field size to the smallest practical
introduces magnification. some parts of the field. value.

Prof. P. Coan http://www.sprawls.org/ppmi2/SCATRAD/#CONTRAST%20REDUCTION 416
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Prof. P. Coan http://www.sprawls.org/resources/outlines/NOISE.htm

The signal of an image (raw image) is always the result of the interaction of the
radiation with the sample under investigation plus a series of other contributions
(signal fluctuations) that can degrade in different ways the image quality

HIGH
NOISE rbﬂrﬂm/u‘

Noise always decreases the details visibility (i.e. contrast) I
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Different sources of these intensity fluctuations within images are:

1. quantum noise (shot noise)

Causes: discrete nature of the X-ray photons. It follows Poisson statistics
(st.dev = m) and depends on the number of photon used for the image

2. temporal instability of the incident X-ray beam

Causes: machine current decreased with time, and vibrations or thermal drift of
optical elements (filters, slits) may occur along the X-ray path

3. spatial instability of the incident X-ray beam

Causes: angular position of the X-ray beam from the target and defects or
deformations of optical elements

4. detector response inhomogeneities

Causes: film granularity, read-out procedure, electronic noise (dark current);
pixels with different gain

Prof. P. Coan #18
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Contrast-to-noise ratio (CNR) = (I, - s ) / standard deviation of the image noise

Signal-to-noise ratio (SNR) = average signal within a certain area / standard deviation
of the image noise (within an area with the same size in the background)

(Iback o Is) A

(signal per unit

Signal Signal area x area)
CNR - = —C / Al
noise o (Al pack

CN R Possoin
JD

D=dose
and D proportional to X-ray fluence (photons/area)

Figure of Merit FoM =

19

LUDWIG- ‘ ‘ ‘ ‘ g

|_ Rose’s criterion: SNR = 5 required for humans to detect something
But....
SNR . | !: I
0.5 Lt o i3y
5yl dw:m"‘ﬂ‘. o
h ]
1.0 % Fi I
E L T w T T
I Colnmnn\ullbﬁ I
[ 1 !
| i r
20 Sm W
E
| 1 i
Column ammber
FIGURE 23-8

Miniroum detectable SNE. An object is visible in an image only if its contrast is large enough to overcome the
Tandom image noise. In this example, the three squaras have SNRs of 2.0, 1.0 and 0.5 (where the SNR is
defined as the contrast of the object divided by the standard deviation of the noise).

20
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g Rows: same diameter,
different thickness

g Columns: same thickness,
different diameter

Prof. P. Coan #21

Rows: same diameter,
Contrast and SNR detail different thickness

LUDWIG-
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Columns: same thickness,
different diameter

Visibility depends on:
> Contrast

>4 Area

> Noise

Prof. P. Coan
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= to correct images by eliminating or reducing these spurious contributions

= to be defined depending upon the experimental set-up and acquisition modalities

Two supplementary images needed:

- adark-noise image, which is recorded without exposure to X-rays.

The signal consists only in the electronics noise of the detection chain (additive noise)
- awhite-field image, which is registered in the same conditions as the raw image to
be normalized but without the sample in the X-ray beam.

- Itis an image of the beam itself (multiplicative noise) and the detector response.

raw image — darknoise
whitefield — darimoise

normalized image =

Prof. P. Coan #923
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Before normalizationl

Lo

After normalization

Prof. P. Coan #04

4/28/2020
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two adjacent high-contrast objects as discrete
entities

X-Ray Beam : : :
. : I
Spatial resolution: o L !
the ability of an imaging system to resolve +2B4d —**C;IF d2 O.id
|
| |
| |

' Dl
o \ &
two objects noise

resolved two objects W A
) not resolved two objects
lo not resolved

Position on screen or film

= Spatial resolution can be described also
in terms of BLUR

no blurred blurred
Physics of Radiology, Johns, Cunningham
Prof. P. Coan Saadi, Microprocessors and Microsystems Volume 37, Issue 1, 52-64 #25
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= Focal spot size, screen thickness, all the chain in a digital detector
(fluorescent screen, viewing system, pixel size) and patient motion affect
the resolution...

Digital Radiograph

Matrix Size
(pixels)

Field of View
(mm)

Sources of Blurring

Pixel Digital I

Field of View
Matrix Size

Sprawls
Prof. P. Coan #26
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http://www.sciencedirect.com/science/journal/01419331
http://www.sciencedirect.com/science/journal/01419331/37/1

4/28/2020

Anode 1
S e Tungsten b
LMU)| |25 | Image blurring ot Mo~
1. Focal spot blur increases as an object moves farther
from the film/detector and as the focal spot size increases a
2. Spatial resolution can improve with b Nodule -

decreasing the magnification + reducing the focal spot size
1 Image 1

a
sharpness cc ——- — Foca s
b —a F penumbra
Image 2

3. Screen blur: thicker screens or scintillators = more blur o .
4. Patient / physiological motion

Source Focal Spot

F - .
X-ra ; i |
_*1* i | Medium | 1Deta

Screens (LRABR i 1
G AR T RS (R

> =L B

= ‘ ..
3 Blur (mm)

Huda, Slone, Rev. Radiologic Physics IIEd.
Prof. P. Coan http://www.sprawls.org  http://www.ndt-ed.org

# 27

cooue. Measures of spatial resolution:
LMU)| 355 | | several methods exist! ||

Evaluation of the response of the system to
a point-like signal/source or a narrow line signal/source

I% Use of a pinhole aperture
I% Use of parallel line bar pattern phantoms

dxy)

object
Point Spread Function (PSF) =
system response to a delta-
shape input signal

psf(x,y) = S [point(x,y)]

N.B. Theory valid for linear, isotropic, time- and
space invariant systems

Prof. P. Coan
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oo, Example of the effect of a
LMU| it | |PSF on the signal

@ object

www.globalsino.com/EM

PSF

Prof. P. Coan 28.04.2020 # 29
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= Resolution is often expressed in line pairs per millimeter (Ip/mm)
1line = 1 opaque line + 1 radiolucent space

1 Ip/mm = 0.5 mm lead bars separated by 0.5 mm of radiolucent material
2 Ip/mm = 0.25 mm lead bars separated by 0.25 mm of radiolucent material

= The limiting spatial resolution is the max number of Ip/mm that can be
recorded by the imaging system

» Human eye - max 30 Ip/mm on close inspection (0.5 Ip/mm at 25 cm dist.)
= Film have high spatial resolution: ex. Mammography 15-20 Ip/mm

Prof. P. Coan # 30

4/28/2020
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The radiograph shown above was obtained
using a small cassette (20 cm x 25 cm), with a
pixel size of 100 micron (0.1 mm). The limiting

spatial resolution is approximately 3 Ip/mm.
Prof. P. Coan

#31

wwe || Modulation Transfer
LMU
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MTF = 2D Fourier transform amplitude of the point spread function

typically used to characterize the resolution of an imaging system in the spatial-frequency domain

- AN

10 Lpfem

point spread function modulation transfer

function

bar pattern  yetector Image By using a bar pattern:

I I I I HEE ,-II[I MTF=amp|itudeoutputsigna| at each spatial

amplitudeinputsignal freauency

MTF = product MTFs of all

subcomponents of an imaging system
Prof. P. Coan

# 32
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I I
MTF

e Generally measure MTF both horizontal and vertical

MTF = [max _Imin
Ima'c +Imin

e As frequency 1/N increases contrast decrease

!
N

|
I I I _ BRVGHTTNESS
i .
1
Lﬁ_l(e)

(b)

OBJECT BRIGHTNESS
IMAGE
ILLUMINATION

Prof. P. Coan # 33
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Modulation Transfer

wvestar || Function

Object
Wiem? MTF is the magnitude
response of the system

pasition to sinusoids of different
Image spatial frequencies
Wicm?

position

MTF

spatial frequency

Modulation transfer function is the decrease of modulation
depth with increasing frequency

Prof. P. Coan # 34

4/28/2020
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Original

Lens onl

Film onl

Film + le

Digitizer, 4 H - %
Sharpen | : ‘ ‘
10’ {lin
Line pairs per mm; MTF =50% 10% @ 36.8, 63.6/mm; hax MTF =12
Prof. P. Coan http://www.normankoren.com/Tutorials/MTF.html

MTF = product MTFs
of all subcomponents
of an imaging system

# 35
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e —r— detector pixel

= Detector size (aperture) and sampling pitch
(pixel) affect the spatial resolution

detector aperture

Ex. 2000 detectors on a line that is 35 cm long = 0.175 mm pitch

The limiting spatial resolution achievable by the detector is known as Nyquist frequency

Nyquist frequency = 1/(2 x sampling pitch)

Ex. 1/(2x0.175mm) = 2.9 Ip/mm

- The Nyquist frequency is the highest frequency that can be faithfully reproduced

- Presence of higher spatial frequencies in images results in aliasing artifacts

Huda, Slone, Rev. Radiologic Physics IIEd.

# 36

4/28/2020
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7. Contrast agent-based radiography

1

m2 kg

1.E+03

1.E+02

1.E+01 A

1.E+00 A

1.E-01 A

1.E-02 r

—adi

— breast
— skeleton-cartilage
— skeleton-cortical bone

pose tissue

20

40

60 80,

energy (keV)

0
-----

19
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By loading the part of the body we
want to examine with an element with
(very) different Z
(i.e. different attenuation properties)

Typical contrast media:

= Barium (Z=56, k-edge ~37 keV)
e.g. visualization of the
gastrointestinal tract

= lodine (Z=53, k-edge ~33 keV)
Can be injected intravenously
and intraarterially

= Air is a negative contrast agent,
it attenuates less than the tissues
in which it is injected (e.g. in joint
cavities)

Prof. P. Coan

0.1

Lead K-edge

Lead (Z =82)

Water (Z = ~7.5)

0

'5})....10,0....150
Energy (keV)

FIG. 3.3. Mass attenuation coefficient as a function of photon energy. The sharp increase at
the K-edge of lead and iodine is caused by the photoelectric effect at the K-edge of these ma-

terials.

Huda, Slone, Rev. Radiologic Physics IIEd.
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Without contrast agent With contrast agent t; With contrast agent t,

Prof. P. Coan http://www.nature.com/srep/2012/120829/srep00610/fig_tab/srep00610_F3.html

4/28/2020
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and an X-ray
is taken

Dye is injected, ! \

Renal pelvis

Ureter

Kidney

Bladder
http://www.thecancerblog.org

Prof. P. Coan

wows || AN €Xample: coronary
LMU)| i | |angiography

Coronary angiography is an X-ray examination that
hota uses dye to show the insides of our coronary arteries

Right
coronary
| artery

Before angioplasty
Aortic vaive

Anterior
interventricular

*j/ 9 N

Catheter

Catheter
entrance

/A
https://www.healthbase.com

After angioplasty

A waxy substance called plaque can build up inside
the coronary arteries (coronary heart disease) >
Hardened plaque narrows the coronary arteries and
reduces the flow of oxygen-rich blood to the heart.

Prof. P. Coan

4/28/2020
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DIAGE BEFORE DIAGE AFTER = Dynamic images of the patient are acquired at a

rate of 1 exposure per second or more

Head

Cxoid w |njection of the contrast agent >
a second set of dynamic images are acquired

Neck ——

Prof. P. Coan http://ric.uthscsa.edu/personalpages/lancaster/DI-lI_Chapters/DI_chap10.pdf

muie. Temporal subtraction
LMU| s | | procedure

SR LR = Dynamic images of the patient are
acquired at a rate of 1 exposure per
second or more

cwout ® |njection of the contrast agent >
a second set of dynamic images are acquired

Head

W/ = Logarithmic subtraction of images with
SUBTRACTION .

CoNTRAST Camid and without the contrast agent

N - removal of static anatomical structures

common to the 2 data sets

- contrast agent loaded structures are more
visible

SUBTRACTION IMAGE -Polyenergetic X-ray beam:

no quantitative output
http://ric.uthscsa.edu/personalpages/lancaster/DI-1I_Chapters/DI_chap10.pdf

I \
|

\

\ /

Prof. P. Coan
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8. Radiology: for looking at what?

2D radiography <-> projection imaging

Prof. P. Coan # 45

LUDWIG-

Many different
LMU)| |tz | | applications..

ww.montefiore.org

£
S
(5]
0
i
(7}
>
<]
=
5
o
o
=
=

Chest radiography Abdominl radiography Musculoskeletal radiography

i

...and many others

http¥//openi.nim.nih:gov:
%

-
b e
Dental radiography ttp://wwr-ahgiocale.cc

Coronal, cerebral angiography

Prof. P. Coan # 46
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Both digital and analog detectors

Multix Fusion - Analog Version
Siemens Healthineers (Film- or CR-cassette
based) - extremely reliable and robust, and can
be tailored to meet your economical needs.

https://www.trademed.com/

4/28/2020
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Fluoroscopy

It is a study of moving body structures-
similar to an X-ray "movie."
A continuous X-ray beam is passed through
the body part being examined and is
transmitted to a TV-like

Prof. P. Coan

It utilizes minimally-invasive image-guided
procedures to diagnose and treat diseases.
It is used to guide small instruments such as
catheters (tubes of a few mm diameter) through
the blood vessels or other pathways to treat
disease percutaneously (through the skin).

#49
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# 50

4/28/2020
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5. Some important quantities...

How to estimate the energy deposition

To see by reducing as much as possible the damage to the tissue

Radiation has always an effect on the matter it interacts with
- energy deposition into the tissue

4

Need to control this effect by measuring
the deposited radiation DOSE

4/28/2020
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Fluence, Flux and Energy Fluence

= Fluence (F) = number of photons/cross sectional area [cm2]
= Flux (dF/dt) = fluence rate = fluence/sec [cm2-sec?]
= Energy fluence (Y) = (photons/area)-(energy/photon) = F ‘E [keV-cm2] or [J-m2]

= Energy flux (dY/dt) = energy fluence rate = energy fluence/sec [keV-cm2-sec? ]

Kerma
= Kerma = Kinetic Energy Released in Matter

= Defined as the kinetic energy transferred to charged particles by indirectly
ionizing radiation, per mass matter.

= Units are J/kg

27
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Absorbed Dose

= Absorbed Dose = energy deposited by ionizing radiation per unit mass of material

AE/Am [J/kg]

= S| units of absorbed dose = gray (Gy);

= Traditional dose unit:

1 Gy =1 J/kg

rad (radiation absorbed dose) = 10 mGy; 100 rads = 1 Gy

Prof. P. Coan

# 55
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Exposure

= Exposure (X): the amount of electrical charge (AQ) produced by ionizing
radiation per mass (Am) of air = AQ/Am [C/kg]

= Traditional units: Roentgen (R) = 2.58x10“ C/kg; also mR =103 R

= Measured using an air-filled ionization chamber

= Qutput intensity of an X-ray tube (1) = X/mAs [mMR/mAS]

Prof. P. Coan

http://www.ptw.de

4/28/2020
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Dose

= Dose (Gy) = Exposure (R) - (R to or Gray conversion factor)

= R to Gray conversion factor = 0.00876 » 1 for air e G gl P 0P Ol
* D, (MGy) =8.76 - X (R)

=Exposure is nearly proportional to dose in soft
tissue over the diagnostic radiology range

= For bone, the roentgen-to-rad conversion
factor approaches 4

c.f. Bushberg, et al. The Essential Physics of
Medical Imaging, 2" ed., p.55.

Prof. P. Coan # 57
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‘ Imparted Energy and Equivalent Dose

» Imparted Energy [J] = Dose [J/kg] - mass [kg]
= Equivalent Dose (H) [Sievert or Sv]

= In general, ‘high LET’ radiation (e.g., alpha particles and protons) are much more
damaging than ‘low LET’ radiation, which include electrons and ionizing radiation
such as X-rays and gamma rays and thus are given different radiation weighting
factors (WR)

= X-rays/gamma rays/electrons: LET = 2 keV/um; wR =1

= Protons (< 2MeV): LET = 20 keV/um; wR =5-10

= Neutrons (E dep.): LET = 4-20 keV/um; wR = 5-20

= Alpha Particle: LET = 40 keV/um; wR = 20

*H=D - wR; 1 Sv =100 rem (traditional unit), 1 rem = 10 mSv
= Replaced the quantity formerly known as dose equivalent
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Effective Dose

= Not all tissues equally radiosensitive

= |CRP publication 60 (1991): tissue weighting factors (wT)

= First calculate the equivalent dose to each organ: (HT) [Sv]
= Effective Dose (E) [Sv]

“E=YwT- -HT

= Replaces the quantity formerly known as effective dose equivalent (HE)
using different wT per ICRP publication 26 (1977)
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