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The X-ray attenuation coefficients of different materials vary widely with ener-
gy. This is the reason why beamhardening effects cannot be controlled com-

pletely. But it also forms the basis for material-selective imaging by dual ener-
gy methods.
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Dual-Source-CT (since 2005)

\ Siemens SOMATOM Force
> Y 4 X8 ) 3rd generation
o g% %’@;\5/ Y dual source cone-beam spiral CT

Turbo Flash, 70 kV, 0.55 mSv
63 ms temporal resolution
143 ms scan time

CCTA courtesy of Stephan Achenbach, Erlangen, Germany



19801es: The First Clinical DECT
Product Implementation
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Examples

(Slide Courtesy of Siemens Healthcare)

Single DECT
scan
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DE bone removal

Virtual non-contrast
and iodine image

Dual Energy whole body CTA: 100/140 Sn kV @ 0.6 mm

Courtesy of Friedrich-Alexander University Erlangen-Nirnberg



Monoenergetic Imaging

(mono+ = noise reduction with frequency split)

Dual Energy Monoenergetic Plus E = 170 keV

Courtesy of Prof. Michael Lell, Friedrich-Alexander University Erlangen-Nirnberg



DECT
and Pseudo Monochromatic Imaging

Pseudo monochromatic imaging IS a linear combination
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Kuchenbecker, Faby, Sawall, Lell, Kachelriel3. Dual energy CT: How well can

pseudo-monochromatic imaging reduce metal artifacts? Med. Phys. 42(2), 2015



Dual Energy Metal Artifact Reduction

(linear combination plus noise reduction with mono+)

Dual Energy Monoenergetic Plus E = 80 keV Jual Energy Monoenergetic Plus E = 160 keV

Courtesy of Prof. Michael Lell, Friedrich-Alexander University Erlangen-Nirnberg



Patient Data Set I Pseudo Monochromatic Imaging

Z=-792 mm
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Patient 1 |
100 kV
140 kV Sn

Patient 2 A,
100 kV
140 kV Sn

DEMAR
not applicable since this is
a single energy CT scan.

Patient 3
100 kV

literative metal artifact reduction (iMAR) is the Siemens product implementation of FSNMAR. dkf
e

2Frequency split normalized metal artifact reduction: Meyer, KachelrieR. MedPhys 39(4), 2012.



DECT Technology

A In the clinic:

I Multiple scans at different spectra mid-range
I Dual source CT (DSCT), generations 2, and 3 high-end
I Fast tube voltage switching high-end

i Dual layer sandwich detectors high-end
I Split filter mid-range
|

Photon-counting CT high-end




DECT Technology

A DECT approaches in the clinic:

I Dual source DECT (Siemens)

1, T ™ ~ Siemens Somatom Force




Effect of the Prefilter; Without Sn

Spectra as seen after having passed a 32 cm water layer. dkfz,



Effect of the Prefilter;: With 0.4 mm Sn

U

Spectra as seen after having passed a 32 cm water layer. dkfz,



DECT Technology
A DECT approaches in the clinic:

I Dual source DECT (Siemens)
I Fast tube voltage switching (Canon, GE)

GE Discovery CT750 HD

Tube voltagé
alternates about®

1000 times per \ _‘ A
second. X-Ray Spectrum

Slow Motion 140 kv

80 kv
Energy

With the introduction of the GE Quantix 160 tube (around 2018), that includes microsecond tube current control by an electron extracting dual
flat emitter, that is free of the traditional constraints of thermionic emission, the TVS can be regarded of being as almost rectangular shape. z.
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DECT Technology
A DECT approaches in the clinic:

I Dual source DECT (Siemens)
I Fast tube voltage switching (Canon, GE)
I Dual layer (sandwich) detector (Philips)

Philips 1Qon

R SRR A

Nk e R,

Top layer acts as a prefilter
for the bottom layer.



Siemens X.Cite: 0.7 mm Sn and 0.07 mm Au

DECT Technology

A DECT approaches in the clinic:
I Dual source DECT (Siemens)
I Fast tube voltage switching (Canon, GE)
I Dual layer (sandwich) detector (Philips)
i Split filter (Siemens)
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DECT Technology

A DECT approaches in the clinic:
I Dual source DECT (Siemens)
i Fast tube voltage switching (Canon, GE)
I Dual layer (sandwich) detector (Philips)
i Split filter (Siemens)
i Photon counting detector, multiple energy bins

==y b
SIEMENS
ealthineers.




80 kV /140 kV

Used in
A Si e me ntganerdtion DSCT
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80 kV /140 kV

Used in
A Si e me ntganerdtion DSCT

Spectra as seen after having passed a 32 cm water layer. dkfz,
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Spectra as seen after having passed a 32 cm water layer. dkfz,



80 kV /140 kV SNy 4 mm

Spectra as seen after having passed a 32 cm water layer. dk‘on



100 kV /140 kV SNy 4 mm

Spectra as seen after having passed a 32 cm water layer. dk‘on



90 kV/ / 150 KV SNy g -

Spectra as seen after having passed a 32 cm water layer. dk‘on



140 kV YAG | GOS

Spectra as seen after having passed a 32 cm water layer. dk‘on



Split filter 120 kV (Au+Sn)

Spectra as seen after having passed a 32 cm water layer. dk‘on



Photon Counting 140 kV
2 Bins Perfect

Spectra as seen after having passed a 32 cm water layer. dk‘fz.



Photon Counting 140 kV
2 Bins Realistic

Spectra as seen after having passed a 32 cm water layer. dk‘fz.



Photon Counting 140 kV
4 Bins Realistic

Spectra as seen after having passed a 32 cm water layer. dk‘fz.



Material Mixtures

A In volumetric mixtures the linear attenuation
coefficient mixes linearly with the volumetric fraction

|2 N Vo
Vi+V, NQV1+V2.

H =Mt

A Since the sum of the weighting factors equals one
the CT-value mixes accordingly:

Vi Vs

CT =CT + C15

Vi+ Vs V1—|—V2-




Image-Based
Classification of Materials

/
/
CTg /
A / Measured data can be classified into
/ calcium/water mixtures and uric acid/water mixtures.
/
/
/
/
/ Image Based Methods
o/
I L] Modifieq 2-mater.ial decomposi;ion:.Characterization of kidney stones
- Urine + calcified stones / uric acid stones
/
/
320 HU at 80 kv

) ™ high Z
CT14O -

Pure calcium and pure uric acid

Measured bone and uric acid




Image-Based Decomposition
(Three Materials)

€100

Applications of Dual Energy CT

* Three material decomposition: quantificatjon of iodine — iodine image

lodine content

HU at 80 kV
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90 0 150 |;H Ur:;r_l HU at 140 kV

= Removal of iodine from the image: virtual non-contrast image



Material

A Two water-iodine mixtures

CTi(E) = (1 —w)CTw(E)| B8
CTy(E) = (1 - wy)CTw(E)| i |

100 ki [HU] Sn 140 kY [HU]

A Their relative contrast is in 2. S0,
ratio Tissue .:I—:'_ : u 5,-1EH ﬁ

CTi(Eroowv) — CTo(Er H 5

CTi(Eis0xv) — CTo(Eq

p1(60 keV) /piwy

CTi(60 keV)
CT1(80 keV)
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Decomposition Increases Noise

100 kV

C=0HU, W=700HU



Denoising is Mandatory!
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Simple Denoising Example

A Assume CT images with air = 0 and water = 1

A Mix image: fa=(0—a)fu+afg o to minimize noise
A Water image: fw=(1-8)fL+8fa B=FdM >
A lodine overlay: fi = v(f. — fu) ~ such that fw + fi = fa

A Denoised images:
fi = LP(f) + 0.5 HP(f,)

fW:fa_fI

I Lowpass LP=(1222221)/12, for example (pixel size dependent)
I High pass HP = 1- LP

Macovskietal.i Me a s u r éDspemdént Filtering: A Novel Approacht o | mpr ov e d TS INR-2(3):112HZ%/, 1983 dku.



Mix Image

VNC, denoised

C =0HU, W =500 HU for the low, high and VNC images. C =0 mg/mL, W = 27.6 mg/mL for the iodine images. dkuQ



lin. comb.

Input —== , Materials ——— LP/HP 22 4 Qutput
Mix Image

SEm—

VNC, denoised

140 kV Sn

C =0HU, W =500 HU for the low, high and VNC images. C =0 mg/mL, W = 27.6 mg/mL for the iodine images. dkuQ



Why Is Subtraction ' Patentially Better?

(in case of no motion)

A W = soft tissue (water) signal, X = iodine signal

A Assume same noise N, e.g. 50 HU, in both measurements M, and M,
i Var M; = Var M, = N2 regardless of whether iodine is present or not

A DECT

Measurement 1 (high kV): M; =W + 0.25 X

Measurement 2 (low kV): M, =W+ 0.5X

Estimated iodine: 4 (M, T M)) Variance = 16 (Var M, + Var M,) = 32 N?
Estimated soft tissue: 2M; T M, Variance = 4 Var M; + Var M, =5 N?

A Subtraction

Measurement 1 (native): M; =W

Measurement 2 (enhanced): M, =W + 0.5 X

Estimated iodine: 2 (M, T M,) Variance = 4 (Var M, + Var M;) = 8 N?
Estimated soft tissue: M, Variance = Var M; = N?

VNC and iodine noise (standard deviation)
iIn DECT is about twice as high as in subtraction imaging.

This simple example assumes iodine to contribute half as much to the gray value for the dkfz
@

high kV scan as for the low kV scan. Dose is assumed to be the same in both scenarios.



