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Outline

m Photon counting detectors (PCDs) and properties
m Algorithms (data correction and image reconstruction)

m System designs

m Clinical applications

“Standard” Siemens, Philips, GE, ... Siemens (2014), Philips (2015), GE (2007)
“Anti-charge sharing” CERN (and MARS) MARS (~2018)
“Edge-on silicon” KTH Royal Institute of Tech (Sweden) KTH RIT (-2018)
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Clinical applications

“What is the killer application?”

There is no “killer application”
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New generation CT has been developed for

m improving everything CT does (whole body)

m adding new dimension to everything CT does

m enabling new applications
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New generation CT has been developed for
In 1998, MDCT with 4 detector rows

m Improving everything CT does (whole body)
10 mm slice = 2-3 mm slice (= 0.5 mm)
Shorter scan duration, larger coverage, better resolution

m Adding new dimension to everything CT does

2D slice-by-slice view = 3D view (coronal, sagittal, MIP, 3D)

m Enabling new applications
Cardiac CT (coronary artery)
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New generation CT has been developed for
In 202x, PCD-CT with 3—6 energy windows

m Improving everything CT does (whole body)
Contrast, contrast-to-noise, radiation dose, contrast dose,
spatial reso, accuracy, quantitative values, CT radiomics

m Adding new dimension (material info) to everything CT does
Simultaneous image-and-measure (IAM-XX),
CT tissue biomarkers

m Enabling new applications
Simultaneous multi-agent, molecular CT, personalized CT
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Spatial resolution
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Simultaneous multi-agent imaging
Gd = (10 min) = lodine = PCD-CT scan
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Simultaneous multi-agent imaging
Gd = (10 min) = lodine = PCD-CT scan
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Material-specific imaging for better diagnosis

Acute ischemic stroke delineated clearly by water density images (for edema)

DWI

Normal

Dual-energy CT (Force). 68 yo, female, 40 min after symptom onset.

K. Taguchi, Inv Rad 2018
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New generation CT has been developed for
In 202x, PCD-CT with 3—6 energy windows

m improving everything CT does (whole body)
Contrast, contrast-to-noise, radiation dose, contrast dose,
spatial reso, accuracy, quantitative values, CT radiomics

m adding new dimension (material info) to everything CT does
Simultaneous image-and-measure (IAM-XX),
CT tissue biomarkers

m enabling new applications
Simultaneous multi-agent, molecular CT, personalized CT
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Outline

m Photon counting detectors (PCDs) and properties

m Algorithms (data correction and image reconstruction)
m System designs

“Standard” Siemens, Philips, GE, ... Siemens (2014), Philips (2015), GE (2007)
“Anti-charge sharing” CERN (and MARS) MARS (~2018)
“Edge-onsilicon”  KTH Royal Institute of Tech (Sweden) KTH RIT (-2018)
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PCDs (“Standard,” “ACS,” and “Edge-on Si”)

Maximam Pusel Muximum  Ne. of energy
Operation count rates size coustrutes thresholds Tieap  Anti-charg
Tosles, MameASIC mode (Mepulpinel)  (um x um)  [Meps/mm®]  per pixel capability  shariag
1 DXMCE1 (Refs. 5 a0l 5) 55 1000 % 1000 2 m Mo
2 DXMCT2 (Ref. 20) 55 500 5 500 . Il m No
3 Siemens 2010 (Refs. 17 Na 25 %225 NA Zora® NAY No
)
4 ChromAIX (Ref. 16) 1358 300 % 300 1500 4 n Na
5 Hamamatsu (Refs. 10 and 1) 12 1000 % 1000 12 s n Na
6 CMICA3 (Refs. 6 and 9) 12 400 < 1000 23 6 1 Na
T Medip RN (Refs, 13, 39, FVE SPAT g EFES o 7 DwihI<N__ Na
and 52) (3l buitable)
EMeCsM' anxe 55 %55 e 1 es
SvE-SPMT 0.145" o« 1o " ] No
SME-CSM! Py 10 % 110 28 a4l Yes
s TIX Ret, 19) 33 250 % 500 3 T ) No
5 Nexis Detectar (Refs. 21 20 1000 % 1000 20 s in No
and
0 MicraDiose S1 (Silicon strip) (Refs. 24-26] el 0% 50 A H [ Ve
n KTH Silicon sirip (Refs. 23, 37, and 30-32) _ 2Sor75 400 500 200 e 6007 B . No
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PCD (“Standard” type)

Incident x-ray

Sensor (CdTe, CZT)
Convert a photon to
a charge cloud

Amplifier
Charge measured, counted, -
and stored digitally Y—

Counting
processing
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PCD (“Standard” type)

Thresholds to pulse height comparators

Comparators

gy

Input
analog > oAC Digital output
B - counterv {—

pulses
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PCD not flawless: Spectral distortion

m Independent of x-ray intensities: Charge sharing,
K-escape, Re-absorption, Compton scattering

m Dependent on x-ray intensities: Pulse pileups
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Charge sharing

ident x-ray photons

Sensor

Anode

A 90 keV photon
60 keV/
time

30 keV
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“Charge sharing”
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Fluorescence x-ray emission (K-escape)

Incident, photons

Sensor

Anode

“K-escape”
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Re-absorption of fluorescence x-rays

Incident x-ray photO/s'\
[ | | [ \ |

Sensor

Anode

A 90 keV photon
23 keV
Faster 67 keV
ime Re-absorption of
T K-escape x-ray
70 keV
e time
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Compton scattering

Incident x-ray photons /'\
[ | | /|

Sensor

Anode
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scattering”
time
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A 90 keV photon
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Spectral distortion

Incident x-ray photons
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Pulse pileups (count rate dependent)

Pulse height (photon energy) = Count rate loss
S
Obseryed pulses 2
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PCD not flawless: Spectral distortion

m Charge sharing, K-escape, etc.
Always
Lower energy, more counts
Solution: Larger, slower PCD

m Pulse pileups
Only near skins
Higher energy, fewer counts
Solution: Smaller, faster PCD
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Detector channels (fan angles)
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Spectral distortion: How to mitigate it?

m Balanced design + PCD model + compensation algorithm

Observed
PCD | spectrum
PCD pixels

Bowtie ]

filters  gpject, x{E)

Energy, £
Recorded l

counts

) Y=uY2 Vs Y}
i Reconstruct l
images

Energy, £

Ty £ X=X Xz X3 Xy}
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Spectral distortion: How to mitigate it?

m Balanced design + PCD model + ¢c~~+=~="~ Himm olmoithes

plem7]

— Photoelectric
— Compton Scattering
— K-edge(lodine)

0 20 30 40 S0 B0 70 B2 90 100

X(E) =) wnW,,(E)

Energy, £

Photon energy [keV]

Tregy £ X=(Xu X2 X Xy}
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Spectral distortion: How to mitigate it?

m Balanced design + PCD model + compensation algorithm

Observed
PCD | spectrum
o PCD pixels
Line integrals,
Bowt
filters / Ray .Q'J
Xeray 9
focu: | Energy, £
Recorded
‘ counts
Y=u Y2 Y2V}
nolE) ) Vo V2 V3 Ya

Energy, £ b Energy, £ P()7 | W)

timate object W by maximizing the likelihood
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Spectral distortion: How to mitigate it?

m Balanced design + PCD model + compensation algorithm

(b) Without pulse pileup model (c) With pulse pileup model

'WW 400 HU, WL 50 HU
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Outline

m Photon counting detectors (PCDs) and properties

m Algorithms (data correction and image reconstruction)
m System designs

“Standard” Siemens, Philips, GE, ... Siemens (2014), Philips (2015), GE (2007)
“Anti-charge sharing” CERN (and MARS) MARS (-2018)
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Spectral distortion: How to mitigate it?

m Anti-charge sharing circuit (“CSM” in Medipix 3RX)

1-10* SPM (10 keV threshold) | fitted dead times:
.| =— SPM( 3keV threshold) it=02ps Spectrum
L CSM {10 keV threshold) ~ {t=052us 3
= 24 |
E 20 . CSM | |
E g AN
= 110 H |
5 s e 2
3 S | 3
| dye=12.10/mmis | * ara N
110 : | w  w = @ mw
1100 2:10° 510° 110 240" 510" 110 Energy fre¥]
Photon Flux [1 / mm ] Th. Koenig, et al., IEEE TNS (2013).
L l l l l l l I\
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Outline
m System designs
“Standard” Siemens, Philips, GE, ... Siemens (2014), Philips (2015), GE (2007)
“Anti-charge sharing” CERN (and MARS) MARS (-2018)
“Edge-on silicon” KTH Royal Institute of Tech (Sweden) KTH RIT (-2018)
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Prototype PCD-CT systems

“Standard” Siemens, Philips, GE, ... Siemens (2014), Philips (2015), GE (2007)
“Anti-charge sharing” CERN (and MARS) MARS (-2018)
“Edge-onssilicon”  KTH Royal Institute of Tech (Sweden) KTH RIT (-2018)

m Siemens (Mayo Clinic and NIH)

- Dual-source CT, PCD for ©27.5 cm x 8-24 mm, EID for &50 cm

- (225 um)?, 2 thresholds (staggered 4 thresholds), (450-900 um)? output

- 128x10° counts/s/mm? with 13.5% loss, 256x10° with 25.2% loss

m Philips (Louis Pradel University Hospital, Bron, France)

- Brilliance 64 CT, &16.8 cm x 2.5 mm

~ (500 um)?, 5 thresholds(*?)

- >150x10° counts/s/mm?(*1)

AAPM 2018. K Taguchi (JHU) 1.R. Steadman, et al., Nucl Inst Meth Phys Res A (2017)
Prototype PCD-CT systems
“Standard” Siemens, Philips, GE, ... Siemens (2014), Philips (2015), GE (2007)
“Anti-charge sharing” CERN (and M
“Edge-onsilicon”  KTH Royal Institute of

m University of Canterbury, Christc|

- Their own open gantry CT, PCD fo

- (110 um)?, 8 thresholds, anti-chary

- 10-20x10° counts/s/mm? with ?%|

m KTH Royal Inst of Tech, Stockholl

- Philips CT(?), ©? cm x ? mm
~ (400 um)x(500 um), 8 thresholds,
200x10° counts/s/mm? with 2% lola

AAPM 2018. K Taguchi (JHU)
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Probabilities

a b

Prototype PCD-CT systems

—

H. Bornefalk, Nucl Inst Meth Phys Res A (2010) 37
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Photon Counting Toolkit (PcTK, pctk.jhu.edu)

“Spectral response” model of photon counting detectors \
Medical Physics 2018;45(5):1985-1998

Matlab programs

Available for academic research, free of charge
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Download and send the application

—O— E;=900eV
—— E;=120keV

20 40 60 80 100 120 14.
Recorded®nergy,E; (keV)

Summary

m PCD-CT with 3-6 energy windows in Year 202x that

- Improves contrast, noise, spatial reso, quant. accuracy, etc.

- Add material-axis to 3-D images = How to use it effectively?
- Enables multi-agent CT, molecular CT, personalized CT

- No killer application!

m Algorithms needed for data correction and image recon

“Standard"” Siemens, Philips, GE, ... Siemens (2014), Philips (2015), GE (2007)
“Anti-charge sharing” CERN (and MARS) MARS (~2018)
“Edge-onsilicon”  KTH Royal Institute of Tech (Sweden) KTHRIT (~2018)
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http://pctk.jhu.edu/
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