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12. CT and radiation dose...

Frequency of CT scans per year
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» Four ‘generations’ and EBCT
(Electron Beam CT)

 Single slice, multi-slice, spiral
« Parallel, fan and cone beam
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« lterative techniques "9/'
Q Parallel developments in emission CT: 07’

SPECT, PET, PET-CT, PET-MR




In Germany
h‘i&'.’.'.‘.’iurs. from ‘The Federal Office 1
LMU wononen | | for Radiation Protection’

In 2016: approximately 135 Million X-ray procedures performed (excluding dentals)

The frequency of X-ray examinations in Germany per
inhabitant and year during 2007-2016 period.

0,16

014 P e Between 2007 and 2016:
2 = ‘ . o : -
_ o012 . . . .
] i P ~40% increase in CT examinations!
5 2 010 .
€2 i
2§ 008 oa .
<2 ~65% increase in the frequency of
52
&€ 0ps magnetic resonance imaging (MRI)
Q
L i.e. another cross-sectional imaging modality
0,02 that does not use ionizing radiation
0,00
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
https://www.bfs.de/EN/topics/ion/medicine/diagnostics/x-rays/frequency-exposure.html
Prof. P. Coan #5
In Germany
maamans- | | from ‘The Federal Office
LMu UNIVERSITAT P . 5 2
MONCHEN for Radiation Protection
Contribution of various examination types to total frequency (left panel) and to
collective effective dose (right panel) in 2016
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Mean annual per caput effective dose (mSv)
due to X-ray diagnostics in Germany
18
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The 2016 estimate for the mean effective dose per caput is about 1.6 millisievert (mSv
equivalent to mGy) in Germany. The mean effective dose per inhabitant and year increased
from 2007 to 2016 — essentially a result of the growing number of CT examinations.

CT for breast imaging: possible?

13. Planar Radiography — CT
“the two ends of a spectrum”

in between
TOMOSYNTHESIS

5/5/2020
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Planar 1 Y e
radiography 1‘ .

Computed
tomography

S

One projection without depth information -
superposition of all 3D structures into 2D

Advantages:

- Fast

- Easy

- Low dose
Disadvantages:

- Overlapping of anatomo-pathological
structures

Thousands projections to image an entire
volume, voxel by voxel, i.e., with perfect

depth information

Advantages:
- Full 3D imaging
- Well-established method

Disadvantages:
- Higher dose exposure
- _Expensive

Prof. P. Coan
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TOMOSYNTHESIS
LIMIU)| i | |(Digital Tomosynthesis: DT)

A compromise between radiography and CT:
a low number (typically tens) of projection images are combined to
compute 3D images with limited depth information

RECONSTRUCTED TOMOSYNTHESIS SLICES

Prof. P. Coan DOI-Link:

http://dx.doi.org/10.1594/ecr2014/C-1139

|Acquisitions |

1.X-ray tube moves in an arc
around the sample

2.Series of low dose images
acquired at different angles

3.Collected data permits
reconstruction  of  parallel
planes, each plane in-focus,
with out-of-plane tissues
blurred

4.Total dose similar to standard
single radiograph

# 10

5/5/2020
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wowe. |  TOMOSYNTHESIS
LIMIU | |és | |(Digital Tomosynthesis: DT)

MUNCHEN

A compromise between radiography and CT:
a low number (typically tens) of projection images are combined to
compute 3D images with limited depth information

Radiograph o o ¢ DT

e ENES

3]

20IMAGE RECONSTRUCTED TOMOSYNTHESIS SUCES

DT: Partially 3D

Prof. P.Coan  DOI-Link: http://dx.doi.org/10.1594/ecr2014/C-1139 i

LUDWIG-
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Lung — chest imaging

lllustration of spatial discrimination in x-ray medical
imaging resulting in reduced overlying clutter and
improved feature conspicuity.

Prof. P. Coan #12
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LMU The technology

Figure 3: Tube Head Swings Taking Meftiple Exposures i 3 Fow Seconds

s _

d Technological requirements:
Adequate digital detector

. —=1 - Sufficient computational power for reconstruction

O Detector requirements:
"‘ - rapid readout

- sufficient detective quantum efficiency (DQE)

Visible swinging tube heads

Prof. P. Coan

Q Clinical applications 1)

Fundamentals of Breast Tomosynthesis (Andrew Smith)

- digital imaging device

Flat panel detectors provide high frame rate & high DQE
- rapid acquisition & low-dose projection images

Breast Screening
2)  Orthopedic imaging
3) Chestimaging

4)  Dental imaging

5)  Angiography

Terzi et al. 8(6), Journal of Thoracic Oncology 2013

e Geometries for
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LMU

image acquisition

1) Parallel path

—¢ 90

Focal plane

X-ray tube and

detector move in
opposite directions %4
in parallel planes

m 2) Full isocentric

X-ray tube and detector
are fixed and move in a

‘ circular path

A

g

S

3) Partial isocentric m

with fixed detector
X-ray tube moves in an

arc above the detector, &
the detector remains N
stationary
i \
Prof. P. Coan

m 3) Partial

isocentric

14
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U Step and shoot:
X-ray tube moves to desired angle, stops, - may reduce blur (vs. continuous movement)
takes the acquisition -> longer acquisition time

O Continuous movement:
X-ray tube does not stop for image acquisition = Possible image artifacts

Step-and-shoot vs. Continuous

Manufacturer: Siemens

Tube motion:  step-and-shoot  continuous  continuous

Step-and-shoot Continuous

#15
Prof. P. Coan S. Walenga, J. Paquelet, R.E. Hendrick “Understanding Digital Breast Tomosynthesis”

wwe | |Data acquisition and

MAXIMILIANS-

LMU)| it | [reconstruction

Reconstruction Reconstruction
at Height B at Height A

1 @

Low-dose X-Ray sweep 0 Reconstruction of planes
parallel to the detector

Q Structures at different
locations appear on different
positions correlated to their
height position

. 4‘(‘Height A

5 Projection Views
P E SR o
1 2 3 4 5

Prof. P. Coan S. Walenga, J. Paquelet, R.E. Hendrick “Understanding Digital Breast Tomosynthesis”

/ - Height B 5 .
Plane A
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LMU | isv=sm | | Image reconstruction

Reconstruction Algorithms: SHIFT AND ADD:
- Shift and add method (SAA)

- Filtered Backprojection
- Iterative Algorithms

In the reconstructed image/plane:

- structures belonging to the reconstructed plane: SHARP
- structures belonging to planes above or below: BLURRED

Prof. P. Coan

mmmmmm) | Easiest and most frequently used, but

- does not remove blurred out-of-
focus structures

- reconstructed images still contain
information of the entire object

LUDWIG-

MONCHEN

LMU| || | Shift and Add 2@ @gg

StepS . Phantom ‘ A
\ / B
1. calculate shift amount for certain depth AR,
2. shift each projection image by this amount ”/'
3. add up all shifted projection images ' o
. 0 A 0 A A A O A O
4. vary shift amount i
(to get different depth-planes) 4 A o A o
r 1
Details on calcualtion in Summation of +2 A_o A_o
J.T. Dobbins I1l, Phys. Med. Biol. 48 (2003) projection images - o o €=
(paper available +3 é é
upon request) © @
7 +4 & O_A
2 +5 Iy O
A
o
A
- 3 A
Tt a x - o A
Image receptor R(.econstructed A A 2 A A oo ‘8 oo
xX(@2)=x1(2) — by = ar(my —m:) slices
n Plane A Plane B

T, y) = 3 Bl 3) @ 3l — shifu2)]
k=1

J.T. Dobbins Ill, Phys. Med. Biol. 48 (2003) Re5-R106 ~1Of- P- Coan  #18
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Digital breast
tomosynthesis (DBT)

1. Siemens MAMMOMAT
Inspiration

2. A 2" generation DBT
prototype at the

- 10 to 50 projections 1
- arc range 15° to 50°

- dose 2-6 mGy

Advantages:

- same imaging unit

- less breast compression

- 40% reduction of false recall rate

- superior diagnostic quality vs mammography

Disadvantages:

- much more images to review
- up to 47% longer reading time

Prof. P. Coan D. Cowell et al., “Digital Breast Tomosynthesis: Underlying Principles, Current Evidence and Future Applications”

Compression
- Plate ---

--Receiver ...

University of Michigan

= >

Reconstruction

LUDWIG-
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MONCHEN

DBT clinical images

DETECTION OF MULTIPLE LESIONS: DBT > MX

Example #1: Multifocal Cancer
MX (LCC) MX (LMLO) . DBT (LMLO)

’

plane 27 of 84

Images courtesy of Dr. Gisella Gennaro

Prof. P. Coan S. Walenga, J. Paquelet, R.E. Hendrick “Understanding Digital Breast Tomosynthesis” # 20

5/5/2020
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Example #2: Invasive Ductal Cancer

MX (RCC) MX (RMLO) DBT (RMLO)

plane 25 of 69

|LESION DETECTION: DBT ONLY| Images courtesy of Dr. Gisella Gennaro,

Prof. P. Coan S. Walenga, J. Paquelet, R.E. Hendrick “Understanding Digital Breast Tomosynthesis” #21

wwe || Chest tomosynthesis
LMU)| |tz | | Clinical images

Figure 4. Improved conspicuity of vasculature
at DTS. (a) DTS image shows improved vis-
ibility of the pulmonary vessels, including the
left pulmonary artery (white arrowhead), left
lower lobe pulmonary artery (white arrow)
inferior pulmonary vein (black arrowhead!
right interlobar pulmonary artery (blac
(b) DTS image shows improved visibility of the
outline of the descending aorta (arrowheads).
(¢) Chest radiograph obtained for comparison.

Figure 5. Improved conspicuity of the central airways at DTS. (a) Reconstructed DTS image clearly
delineates the carina (arrow) and the branching bronchi, including the right upper lobe bronchus (arrow-
head) and bronchus intermedius. (b) Chest radiograph obtained for comparison.

Prof. P. Coan Chou et al. Radiographics, 34(2) 2014

5/5/2020
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Angular

LUDWIG-

LMU)| %5 | |of angular projections

range and number

d Increasing angular range

: Effect of Sweep Angle

++ Increasing z resolution ® 15> @ 500@

- Decreasing the in-focus plane thickness Sweep Sweep!

++ Increased contrast resolution ' l,z

. . -
-- Increasing blurring of out of plane objects
-- Increased noise
] g ® > < Lol O Mo

- Reduced |n-plane resolution 2D Narrower Sweep Wider Sweep
O Increasing number of angular projections:

++ decrease of artefacts

-- longer scan time

-- increased electronic noise if total dose remains the same
Prof. P. Coan S. Walenga, J. Paquelet, R.E. Hendrick “Understanding Digital Breast Tomosynthesis”

MONCHEN

‘LMU‘ ‘w Artifacts i

o

(a) an apple with metal needles

Al
I

(c) slice at 11 mm, with (d) slice at 25 mm, no (e) slice at 48 mm, with

one needle

- Limited angle artifacts
- Out-of-focus
artifacts: needles
appear on the target
plane but are

(b) projection image produced by

structures above or

below the current
plane

Multiple ghosting
copies of needles

needles two needles Prof. P. Coan #24

5/5/2020
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14. From the present situation to new
horizons in X-ray medical imaging

Prof. P. Coan

Ly -
MAXIMILIANS-

LMU ......... AT
MONCHEN

What is it all about
in diagnostic imaging

" Spatial resolution (anatomical details)

" Temporal resolution (moving organs, functional
parameters)

" Contrast resolution (delineation of pathological
structures, characterization of
lesions)

Prof. P. Coan # 26

5/5/2020
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Spatial resolution and contrast sensitivity

Spatial resolution Contrast sensitivity

SPECT
SPECT] PET | MRI| CT PET

4mm 2mm 1mm mmolar pmolar nmolar

Rudd et al, ATVB 2009

Prof. P. Coan Courtesy Prof. Reiser # 27

LUDWIG-

An example: Pulmonary emphysema —
LMU| iw=eris| limitations of current imaging modalities

MONCHEN

Conventional chest radiographs CT & CT lung densitometry
= Mostly indirect signs of = Cap.assess regional distribution
emphysema its use for frequent
= Can not assess regional follow-up examinations
distribution

MRI not well established in emphysema
=Weak signal (low proton density of lung

Poor sensitivity Ip» mild to

moaerate emphysema

tissue)
<Timited spatial resolution >
=Long TSiti ime — breathing artifacts
Prof. P. Coan Courtesy Prof. Reiser 28
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Limitations of current imaging modalities

Spatial resolution — Dose deposition — Exposure time
Sensitivity — Little contrast from soft tissues

Contrast agents based imaging
(contrast induced nephropathy, thyreotoxicosis, nephrogenic systemic fibrosis)

Relatively high costs, time consuming

Prof. P. Coan

MEDICAL IMAGING FIGURE

SPATIAL CONTRAST
RESOLUTION SENSITIVITY

RADIATION
DOSE

TEMPORAL
RESOLUTION

Different strategies possible and
under continuous development

Prof. P. Coan

5/5/2020
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New developments in CT: all aim at

= Increased speed

= Reduced cost

= Reduced dose

= High patient and user friendliness

» Scan speed: only modest increments. It implies also fast detector readout. Challenge:
high X-ray power needed

» X-ray source: only incremental advances expected based on current technology. Possible
revolution with “laser-driven” machines, i.e. high power monochromatic X-ray sources

» Detectors: advancements in directly converting crystals (e.g cadmium telluride) to increase
the geometric efficient which is weak point today. Single-photon counting detectors: reduction
of dose, electronic noise, dark current, higher efficiency. They also offer energy discrimination
(spectral CT)

» Image reconstruction algorithms: implementation of high performance iterative statistical
reconstruction algorithms and their combination with standard analytical reconstructions.
Important consequences in terms of dose saving

» Dose management: attenuation-based tube current modulation, automatic exposure
control...contrast media with higher Z

Prof. P. Coan # 31

LUDWIG-
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Imaging chain

—
radiation ‘ - ’ matter/sample)- ’ detection system
/
i)

Other contrast mechanism?

Prof. P. Coan 32

16



LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MONCHEN

15. X-ray phase contrast imaging

15.1 Principles

REFERENCE:

A. Bravin, P. Coan, and P. Suortti, “X-ray phase-contrast imaging: from pre-

clinical applications towards clinics,” Physics in Medicine & Biology 58(58),
R1-R35, (2013).

Prof. P. Coan

# 33

|
ays X-rays through the matter
- 7

complex index of
i 2
refraction S rej,
2

WA o

In the diagnostic X-ray energy range:

- Photoelectric effect (+ Incoherent scattering)
“>Amplitude modulation

vy

- Elastic (“coherent”) scattering

ABSORPTION

REFRACTION
- Phase shifts
2
o(x, y)=—==[8(x y,2)dz
A
Prof. P. Coan 34

5/5/2020
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rays are absorbed AND rays are refracted

scattering angles ~urad
1 prad=0.0002 deg

\
\\ \\
Snell’'s law \\ \
sing, n,
1_ "2 tﬂ \\
sin@, n
Prof. P. Coan # 35
e Contrast mechanisms
LMU| % |in X-ray imaging
nN=1-3+iP
ABSORPTION REFRACTION
B Absorption index 8 Refractive index decrement

_2r
o(x,y)= T

tissue ‘Ell’ ‘!5’)
detal

always occur at the same time

Absorption-based radiology ‘ ‘ Phase-contrast imaging

Prof. P. Coan 36
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Prof. P. Coan # 37
LMU | iw==riv| | Absorption vs Refraction
B phase contrast/absorption contrast N
1.E+04
1.E+03 8 >> B
£ 100 106 10°
E
g 1ol — bone phase effects > absorption
LEHO — soft tissue particularly for low Z
LE-01 4 ‘ ‘ ‘ ‘ materials and high energies
0 5 10 15 20 25 30

Energy (keV)

Increase the energy m==sp Absorption contrast
But phase contrast decreases more slowly!

& > much higher contrast - better sensitivity - at lower dose

Prof. P. Coan

38

5/5/2020
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o Visualizing insects in opaque amber

LMW | [aco wy)

35 keV

Pixel: 5 um

10.1'ir;1'age‘s tken at 101 equidistant points (10-100 cm)
No other ways to reveal the content except by PC imaging

Prof. P. Coan P. Tafforeau, LGBPH (CNRS), ESRF and M. Lak, ESRF 39

LUDWIG-

MAXIMILIANS-
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MONCHEN

Absorption contrast

Phas contrast is several order of maqnitue higher
than absorption contrast

Edgel/interfaces enhancement

40

20
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OBJECT 1V
X Fy
L N ey

uinc l'lobj:uout
plane wave

It obeys the time-independent scalar wave propagation
equation (Helmholtz equation)m

Transmission function

Unhi i
T=— T =Ag
Uinc

Prof. P. Coan #41

LUDWIG-
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uinc uobj:uout

OBJECT [y # ]
X B
- z ]
Uoe = Usnexp (;‘k f " a(z) L-l;)
0

= Ui, exp(ikd) exp (—.fk —/’_né[: ) r:]:_') exp (—k f_n B(z) L‘]:)
0 0\ 0 ]
|

L J \
I

!
propagation of phase shift attenuation of the
the undisturbed introduced by the wave due to the
wave object object
Prof. P. Coan #42

5/5/2020
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Transmission function

i |
M M Take home

Uinc uobj:uout

OBJECT tVY
/’x
< z

Phase shift ¢ _ arg(U,..) — arg(Uin €4)
- _k [ZU d(z)dz
=k [

Attenuation A=1-T
— 1 _ |u0ut| 2
Ui exp(ikd)|

=1—exp (—Zk'/:uﬁ(z) dz)

=1—exp (_./030 u(z) dz)

(u=4mf /2 )
Prof. P. Coan #43
LMU ?;”;',’xj';'«iim- Detection of phase shifts
MONCHEN
From phase shift to refraction
wave front scattering angles ~prad

Refraction angle:

An approximation for more
general objects than
wedges

lwedge

u) =0 9, (1) = 25 d()

Thickness of wedge

Prof. P. Coan Courtesy T. Thuering #44
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[

in|2 and |uout|2 A=Attenuation

( J
I

X-ray intensities can be measured directly by X-ray detectors

BUT any information about the phase shift @ is lost!

¥

Advanced techniques are necessary to get access to @ and &

Phase contrast imaging is based on revealing both the attenuation and
these phase shifts

Prof. P. Coan # 45

Phase Contrast Imaging (PCI) Techniques

Free propagation Perfect crystal diffraction
PROPAGATION-BASED IMAGING ANALYZER-BASED IMAGING
- detector
-ray \
—— —
rays . sample
sample
E \e—4
—_— —_— (Monochromatar)
rmove detector position rotating analyzer crystal
GRATING-BASED IMAGING EDGE-
Interference patt\im detector ILLUMINATION
‘
—— -
Horays N
2| @ F § |
sample| P
—
/ /

Phase grating Analyzer grating

Interferometric methods Non-interferometric methods

5/5/2020
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15. X-ray phase contrast imaging

15.2 Which X-rays?

To observe phase effect you need a radiation with
a sufficient degree of

|—> Temporal Spatial <J

(longitudinal) (transversal)
coherence coherence

5/5/2020
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This thing called COHERENCE...

= “Coherence is what enables us to observe interference phenomena”
= Coherence is about phase correlation

» Phase correlation, or absence thereof, is about different wavelengths
and about geometry

- An ideally monochromatic wave from a point
source is perfectly coherent.

- Perfect coherence means: at any two fixed points
rl, r2 in space, the phase difference of the light
field values at those two points is well-defined and
constant.

LMU memine| | Coherent Beams

MONCHEN

A real beam

* is not perfectly monochromatic (AN A=AE/E)

» does not propagate in a perfectly defined direction

(“divergence” AB)

X-ray tube can be used but only for “simple” applications (small
objects-samples) where a short acquisition time is not a requirement

IDEAL X-RAYS:
SYNCHROTRON RADIATION

Prof. P. Coan

5/5/2020
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Synchrotron Radiation Sources worldwide

PETRAIII/ANKA/BESSY
Hamburg/Karlsruhe/Berlin,
Germany

MAX, Lund, Sweden

LUDWIG-
MAXIMILIANS-
I_Mu UNIVERSITAT
MUNCHEN
NSLS DIAMOND
NSLS II, USA Oxford, UK SOLEIL
CLS

SLS
Zurich,

ELETTRA
Trieste, ltaly

Saskatoon, SSRF
Canada Beijing,
China
ALS
Berkeley, SPRING-8
USA uXRF,
) PXRD,XRI,
S b, ] Japan
5 e KEK
v PXRF,uXAS,
APS =4 Japan
Chicago,
USA \
LNLS ALBA ESRF SESAME | | CANDLE AUSTRALIAN
Campinas, Barcelona, || Grenoble, Jordan Armenia SYNCHROTRON
Brasil Spain France Melbourne,
Australia
Prof. P. Coan Operational Under construction Planned/In project #51
LUDWIG-
MAXIMILIANS-
I_Mu UNIVERSITAT
MONCHEN

Prof. P. Coan

15. X-ray phase contrast imaging

15.3 Example of PCI images and applications

# 52

5/5/2020
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Preclinical neuroimaging

Prof. P. Coan 53

Comparison with
conventional CT

Same sample
Rat brain in formalin

Prof. P. Coan

27
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wowe. | X-PCI-CT
LMU B2 of rat brain anatomy

cerfex and thalamus < Hiﬁb&:rarrﬁijus“_ cerebellum

PCI signal

H&E histo

overlap

Barbone et al., Int J Radiation Oncol Biol Phys, Vol. 101, No. 4, pp. 965-984, 2018

Prof. P. Coan

Brain tumor (post-mortem) visualization in rat @ ESRF

white & gray brain matter

3D phase contrast micro-Computed Tomography
- X-ray energy = 25 keV

- effective pixel size = 16 ym

F. Pfeiffer, et al. Phys. Med. Biol. (2007) 69

Prof. P. Coan
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A human knee case

Prof. P. Coan 57

CONCOMITANT DETAILED DELINEATION OF LIGAMENTOUS,
MENISCAL AND SOFT TISSUE STRUCTURES

Conv. CT * MRI.PDw-fs

Horng, ... Coan, Investigative Radiology 2014 Prof. P. Co&8

29



Concomitant detailed delineation of ligaments, meniscus, soft

patelél tissue and vessels
tendon

Conventional CT

artery

muscle
capsule

\Horng...Coan, Investigaﬂe'Radio/ogy 2014

RESULTS: a comparison with clinical modalities

® Better delineation of cartilage in PCI vs conventional CT
* PClreveals fraying and thinning of trochlear cartilage similar to MRI
o PCIl also provides detailed depiction of underlying bony changes

[ ]
MRI FLASIS MRI PDw fs MRI SPACE
Horng, Brun, ... Coan, Investigative Radiology 2014

5/5/2020
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Example of additional and complementary
information provided by differential PCI
techniques (ex. Grating-based interferometer)

LUDWIG-

MAXIMILIANS-
UNIVERSITAT
MONCHEN

Mammography

Prof. P. Coan 62

31
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High resolution PCI-CT on portions of breasts

Portions of organs

Conventional Phase contrast (ABI)

e —

80 kVp and 50 mAs 30 keV
(conventional X-ray tube) (synchrotron radiation)

Keyrilainen et al. Radiology, 2008

Performance of the refraction based CT vs
absorption CT in similar conditions
a full large human breast

Absorption
CT with
clinical
device

Prof. P. Coan Gasilov et al. Accepted 2018
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...at clinically compatible dose!

3D CT breast tumor detection at high resolution and
at a dose even lower then conventional 2D mammography (~3.5 mGy)!

Possible by developing advanced mathematical
algorithms for the CT reconstruction

25 times dose saving vs clinical breast CT at same resolution

Prof. P. Coan PNAS, Zhao, Brun, Coan et al., 109 (45) 6 Nov2042

Clinical trials of SR phase contrast mammography
at SYRMEP - Elettra

Planar propagation-
based imaging in-vivo on
patients

\ clavicle

Size and shape of the opening are consistent with the chest anatomy
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Conventional SR - PBI
mammograph mammograph

Planar propagation-
based imaging in-vivo on
patients
Dreossi, (2008) Europ J Radiol. 68S 58-62
67
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Development and application of phase contrast imaging for
preclinical and clinically oriented research in diagnostics

Master and PhD works possible within the group

E-Mail;: paola.coan@physik.uni-muenchen.de
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