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prove patient survival ?
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Teaching points

Explain basic principles of Spectral CT imaging

Differentiate the technology between dual and multi-energy CT

Understand the clinical implications

Be able to identify and discover new applications
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Si-Mohamed et al (...) Nuclear Instruments and Methods in Physics Research A 873. 2017




Introduction

1: Calcium at 300 mg/mL, 2: Iodine at 10 mg/mL, 3: Fat tissue, 4: Brain tissue,
5: Calcium at 50 mg/mL, 6: Solid water, 7: Calcium 100 mg/mL,
8: lodine at 15 mg/mL, 9: lodine at 5 mg/mL, 10: lodine at 2 mg/mL

« A must read » technical review on Spectral CT technology
Greffier J, Villani N, Defez D, Dabli D, Si-Mohamed S. DIll. 2023
French national working group SFR, G4, SFPM, CERF



l. Principles



Principle

M(E) = up(E) + uc(E) = apfp(E) + acfc(E)

(Gps e, O pyq)? tissue-type specific
ap=dZ,;
ac=dk
D : tissue density, et Z 5 : atomic number

(fp>fc) : depend only on the energy
fp=1/E3
Jfc=1/E%3 = Klein and nishina fonction
E : photon energy

PHYS. MED. BIOL., 1976, voL. 21, No. 5, 733-744. © 1976
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Principle

M(E) = up(E) + uc(E) = apfp(E) + acfc(E)

7 MEY =opfp(E) tacfe (B
1\ H(E) =ap fp(Ep) + ac fe (Ex)

Pros

» Generate tissue attenuation at different energies

» Generate specific images of tissue and contrast agent

» Generate specific image of chemical and physical composition of
tissue

PHYS. MED. BIOL., 1976, voL. 21, No. 5, 733-744. © 1976
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Material decomposition images

® Material decomposition in 2 basis based on their specific attenuation

H(Eg) = ap fp(Ep) + ac fc (Ep)
| W(EW = ap fo(Er) + ac fo(En)

\ 4

jr- /u(EB) - [C ’ ]iode luiode(EB) + [C ’ ]eau :ueau(EB)
E\ ;u(EH) = [C ’ ]iode luiode(EH) + [C ’ ]eau ;ueau(EH)

» Measurement of tissue/agents concentrations based on specific attenuation



Material decomposition images

® Material decomposition in 2 basis based on their specific attenuation

lodine-type image Water-type image

VNC [HU"]
Av: 107.9 HU

UNC[HU: A
Avi-37.7

37.7 HUE
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Material decomposition images

LTIy | SuLts

Z effectif Electronic density

7 8

» But it offers many different solutions to be explored & validated
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Two basis MD

Z-effectif Electronic density Color K-edge imaging



Il. Technology
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Technology

Energy Integrating Dual layer CT
DETECTORS Energy Integrating
DETECTORS

x-ray photons

reflective / / \
mal/erial
light photons scintillating
\ material l

N \ / @

[ ‘ ’ ‘ ] Global DUAL
photodiodes Information Spectral Discrimination

Energy integrating detectors (EIDs)
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Technology

Indirect . Incoming
Conversion X-ray
photon I Anti-Scatter
Interseptal & / collimator
gaps
Reflector (e.g. TiO,)
\ N Scintillator
Visible Light (e.8. Gd,0,5)

N 7 / \ =

Photo-Diode

Integrating ASIC

Energy integrating detectors (EIDs)

Si-Mohamed et al. Review: Spectral Photon-Counting CT technology in Chest Imaging. JCM 2021
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1. Perform a material decomposition of the Photoelectric and Compton effects

BUT

1. Perform a limited sampling of the transmitted spectrum in 2 energy windows
2. Limitations of EIDs:
E 1. Limited spatial resolution

2. Limited dose efficiency

3. Absence of energy-resolving capabilites



Technology

x-ray photons

reflective / / N

material

light photons

[ ]
photodiodes

Energy integrating detectors (EIDs)

x-ray photons

/ AN

scintillating + ,\

| material G%LQ? I é bias voltage
s / = T

Figure 6.14 Schematic diagram of a semiconductor direct-ce ion detector.

Photon-counting detectors (PCDs)
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Technology

: Incoming
Direct X-ray
Conversion photon dican

/1\

/ Collimator

Photon-counting detectors (PCDs)

Si-Mohamed et al. Review: Spectral Photon-Counting CT technology in Chest Imaging. JCM 2021
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Impact on spatial resolution

MTF normalized

—-50% MTF

. [ —Filter Detailed
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Si-Mohamed et al. DIIl. 2021
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Technology

kVp

X-ray photon Energy

2. Direct conversion detector

Cathode

holes

electrons

Pixelated anodes

Counts

4. Energy spectrum

A

L »

X-ray photon Energy i

Si-Mohamed et al. DIIl. 2021

3. Photon Counting

Counter 1

|Counter 2

‘Counter 3'

Counter 4

I
\ AR 22
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Technology

High-energy threshold | - gina4: 2 counts

= Bin #3: 1 counts

First threshold L Bin #2: 3 counts

Bin #1: 4 counts

Voltage (equivalent keV)

Electronic Noise

Time (ns)

Figure 2. Example of a 500ns signal output of a PCD pixel.

Si-Mohamed et al. Review: Spectral Photon-Counting CT technology in Chest Imaging. JCM 2021
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Impact on the noise

Si-Mohamed et al. Review: Spectral Photon-Counting CT technology in Chest Imaging. JCM 2021
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Technology

Energy Weighting

Calcium Attenuation
Coeficient

Water Attenuation Coeficient

30 40 50 60 70 80 90 100
Energy (keV)

Si-Mohamed et al. Review: Spectral Photon-Counting CT technology in Chest Imaging. JCM 2021






2\
Université Claude Bernard (((¢s)) )Lyon 1

Technology

Energy Integrating Dual layer CT SPCCT
DETECTORS Energy Integrating Photon-Counting
— DETECTORS

A . & . b

Information Spectral Discrimination MULTIPLE

Spectral Discrimination
E

—_—
.
——
——

Si-Mohamed et al (...) Nuclear Instruments and Methods in Physics Research A 873. 2017
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Technology / \

2 basis model 3 basis model

U(E) = up(E) + uc(E) = apfo(E) + acfe(E) | H(E) = pup(E) + uc(E) + tk-cage (E)

u(Ep) = ap fp(Ep) + ac fc(Ep) HU(Epin1) = ap fp(Epin1) + ac fo(Epint) +

w(Ew) = ap fr(Ex) + ac fo(En) [C” Jk-edge Uk-cdge (Ebin 1)
| #(Ebin2) = ap fop (Enin2) + ac fo (Byin ) +

(or, ac, aK-eZiJ:: ;iz:j—)type specific [C ’ ]K—edge /UK—edge (E bin 2)
D : tissue densitjfcet:Zi:.' atomic number lu(EbiI’l X) - aPﬁ) (Ebin X) T oc fC (Ebin X) +

(fr,s fc) : energy dependant [CO ]K-edge ,UK.edge ( Ebin X)

fo= 1/E? _
fo=1/E%3 = Klein and Nishina fonction
E : photon energy

PHYS. MED. BIOL., 1976, voL. 21, NO. 5, 733-744. © 1976



Color K-edge imaging
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» Absolute quantification of multi-contrast agent imaging

Si-Mohamed et al. Eur Rad Exp. 2018



Color K-edge imaging

Conc. measured (mg/mL)
C = N W A O O N O

= Gadolinium ¢ lodine
Line of bestfit (Gd)  Line of best it (lo)

O = N W & O O N O
T T T T T

Upper limit: 0.90 mg/mL for Gd,
0.13 mg/mL for lo

N
(%))

=
(%))
o
a
o

S
o

...........................................................

Lower limit: -1.08 mg/mL for Gd,

Conc. difference
Measured vs Prepared
2

L

'
—
.
(4}

-0.57 mg/mL for lo

Average concentration (mg/mL)
7 6 5 4 3 2 1 0

Conc. prepared (mg/mL)

» Absolute quantification of multi-contrast agent imaging

Si-Mohamed et al. Eur Rad Exp. 2018
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Improve the intrinsic spatial resolution
Reduce the electronic noise

Improve the contrast

1

2

3
4. Perform a more accurate sampling of the transmitted spectrum
5 |dentify the photoelectric effect of a contrast agent around its K-edge energy
6

Provide unprecedented specific and quantitative imaging of a contrast agent

BUT

Emerging technology in need of development & validation



lll. Current applications of Spectral CT

imaging
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Clinical applications in need of quantification

(b) Medium Phantom (350 x 250 mm?)

=—=—a 10 mGy, center

5.0%

50.0 % | ¢ e -o -e 20 mGy, center
( a--a--a 30 mGy, center
'.’ ¢ -9 - 10 mGy, periphery
‘;1\ e -e -o 20 mGy, periphery
10.0 % | 1o i 1
:’.:_.\‘.___\; #—u—=u 30 mGy, periphery
H
i

Relative bias

1.0% |
0.5% | \\\
\.-‘*—_
T s
0.1% -
0 2 4 6 8 10 12 14 16

True iodine concentration / mgml™

Ehn et al. JACMP. 2017



Functional imaging Functional imaging

Si-Mohamed et al. In vivo demonstration of pulmonary microvascular involvement
in COVID-19 using dual-energy computed tomography. ERJ. 2020
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Clinical applications in need of functional imaging

> Sars-COV?2 Conventional image pBvV lodine image

> First phase " ‘

Morphology imaging Functional imaging

Si-Mohamed et al. In vivo demonstration of pulmonary microvascular involvement
in COVID-19 using dual-energy computed tomography. ERJ. 2020
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Clinical applications in need of functional imaging

PBV
> Sars-COV2 1.0
» Disease course
@ 06
a
) 0.8
£
32
‘>’ 0.4
§ & 0.6
- S
S 02 o
2]
-
@ 0.4
@ )
0.0
4 3 4
1)
G’°und gl. ? 1 1 znso\'\da“ 0.2
as,  C
*%acjy, 00 pwed

Si-Mohamed et al. In vivo demonstration of pulmonary microvascular involvement
in COVID-19 using dual-energy computed tomography. ERJ. 2020
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Clinical applications in need with multimodality imaging

A B
ECV mapping 8
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Si-Mohamed et al. JACC: CV imaging. 2021

Invasive right heart catheterization

Cardiac outflow
20 p<0.001

Cardiac outflow {L/min)

Si-Mohamed et al. JCM. 2023

Nuclear imaging

and Whisker Plot Showing the Variation in ECVer Between
ades
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p<0.001
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T
DPD Perugini Grade

P < 0.001 for trend and for the pairwise comparison of grade O versus grade 2. Ab-
breviations as in Figures 1 and 2.

Scully P.R. et al. JACC:

1- Specificity

— ECVcr (AUC 0.87, 95% C1 0.75 - 0.98)
PWd (AUC 0.75, 95% CI 0.62 - 0.87)

— MCF (AUC 0.67, 95% CI 0.52 - 0.81)

CV imaging. 2020

1.0



IV. Incremental applications of spectral
photon—counting CT
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Detection of elementary structures

Conventional CT SPCCT
120 kVp/103 mAs 120 kVp/63 mAs
FBP/SW 0.800 mm FBP/SW 0.250 mm

Si-Mohamed et al. DIll. 2021
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2010 mm?
Zoom 5x

Si-Mohamed et al. DIll. 2021
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Detection of elementary structures

v

366 mm?
Zoom 15x

Si-Mohamed et al. DIll. 2021



Quantification of elementary lesions

W, 39 yo
SSc

HRCT SPCCT

MD thesis of A. Bleunven. JFR. 2023



.............................................................................................

1. Earlier detection of disease
2. More precise diagnosis
3. More reliable diagnosis
4

Substitutive of invasive imaging

BUT

1. Need to adapt the work flow

2. Need to retrain the semiology

Si-Mohamed et al. Inv Radiol. 2023



V. Cutting edge applications
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Color K-edge imaging

SPCCT
Photon-Counting
DETECTORS

2. Direct conversion detector

3. Photon Counting

A

VEE

e
Wi

4. Energy spectrum
MULTIPLE
Spectral Discrimination

Multiple sampling of energy-dependent information to detect the K-edge
energy-specific attenuation of a material and quantify its concentration

Si-Mohamed et al. Nuclear Instruments and Methods in Physics Research. 2017



Color K-edge contrast agents

Diagnostic energy range

Material Attenuation (linear coefficient)

-
o
L .
o
o

—— lodine
—— Gold

—— Gadolinium
—— Ytterbium 80
—— Tantalum
—— Tungstene
—— Bismuth

o
®

o
o
o
o

lodine K-edge
33.3 keV

o
'S
'S
o

o
[N}

Normalized SPCCT Incident spectrum
S

Mass attenuation coefficient (cm-1)

Energy (keV)

» Need to develop and validate dedicated K-edge contrast agents
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Color K-edge coronary angiography

Coronary spectral photon-counting K-edge imaging

(o} o}
-oi N 5“_, o- H H OH OH

Staaa ot \/

E -Gd j N
o ] g OH
)—/ N/ \% OH OH
o : o

H/O\H C
Convgntlonal CT Gadollplum Overlay image
image K-edge image

Acide gadotérique, 0.5 M (Dotarem)

Si-Mohamed et al. RSNA. Poster. 2017
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Color K-edge aortic angiography Conventional K-edge

images images
Hybrid Nano-GdF3 Contrast Media

Figure 1. Transmission Electron Microscopy of GdF; nanoparticles (left); High resolution of the crystalline

nanoparticles (middle) and powder X-Ray Diffraction pattern (right).

E
LABORATOIRE
DE CHIMIE

l ENS DE LYON

Halttunen, Niki et al. Scientific Reports, 2019, Boccalini et al. DIll. 2022
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Color K-edge myocardial perfusion

Development of a 1.25 M (700 mg/ml) of

gadoteridol

Giuseppe Digilio
Assistant Professor
Dipartimento di Scienze e Innovazione Tecnologica DISIT

Amedeo Avogadro University of Eastern Piedmont

Academic profile
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Conventional CT Gadolinium K-edge Overlay
images images images
Myocardial perfusion
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8

4 *Myocardium
Figure. Dynamic K-edge SPCCT angiography with a high concentrated gadolinated contrast agent
(Bracco, Milan, Italy) allowing for the vizualisation of the lung and myocardium enhancement. The
Kedge images allow a quantitative analysis for myocardial perfusion as shown on the graph with a
peak value found to be around 2 mg/mL

Si-Mohamed et al. Poster RSNA. 2017
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anr’

Color K-edge atherosclerotic aortic angiography

PR 1 LM (= oo

Patent N° 22306578.0
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Color K-edge lung perfusion imaging

\ —
ﬁ @ N
LyoNn . O

7 TherAguix
Conventional imaging Functional Color K-edge imaging

Patent N ° 22306578.0
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Color K-edge lung perfusion imaging

- ® ‘ S _
R i LM N
> ¥ S CarMeN‘
& cy { .

7 TherAguix
Conventional imaging Functional Color K-edge imaging

Only relative attenuation of -466 HU Absolute C° of 2.6 mg/mL
Patent N ° 22306578.0
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Color bi-modal K-edge myocardial infarction imaging

#RE I LM = onh

Conventional CT Color K-edge Fusion

Patent N° 22306578.0
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Cardiac MR Staining TTC

Patent N° 22306578.0



A B C

CONVENTIONAL IMAGE GADOLINIUM IMAGE IODINE IMAGE

» Simultaneous imaging of 2 physiological processes

Si-Mohamed et al. Sci Reports. 2019
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Molecular functional color K-edge imaging

Al n
10 Slope =0.77
Gold Intercept = 0.47
H =9 R*=0.93
R Es RMSE = 0.72 [

S 2

40 60 80 100 120 = 7
Energy (keV) [%)

o6
&

£ 5

24
)

53
o

2

1

(]

01 2 3 4 5 6 7 8 9 10 11
Conc. with ICP-OES (mg/g)

B Lymph node

W Liver
W Kidney, heart, brain, blood

c o 3
289 2
[ 2w
£22 1
e o P R
a
8%_1 142 3 4 5 6 7 8 9
-2 "
Average Concentration
Organs of interest
Spleen

Bone marrow

Si-Mohamed et al. Nanoscale. 2017

Nanomedicine and Molecular Imaging Lab

LYMPH NODE
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Molecular functional bi-color K-edge imaging

Gold K-edge image

lodine image

5 Si-Mohamed et al. Radiology. 2021

Nanomedicineand Molecular Imaging Lab



N\
Université Claude Bernard @ Lyon 1
=

Bi-color K-edge imaging for cell tracking

SPCCT monitors and quantifies therapeutic cells and their encapsulating scaffold

Gold in a model of brain damage Quantification

nanoparticles

Cell Number

Days Post-transplantation

AuNP-labeled
therapeutic cells

Specific cell tracking
with Gold K-edge

CR=EATIS

LAGEP-

Intracerebral
transplantation

T creima
"" School of Medicing]

UNIVERSITY 0f PENNSYLVANL

Cuccione et al. NanoTheranostics 2020
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Theranostic imaging

Conventional imaging Color K-edge imaging Luminescence induced by X-rays for dynamic
with a radioluminescent phototherapy
contrast agent

StdCT:  WL96, WW700 [HU] : WL2.25, WW2.44 [mg/ml]

* X %

I S
. . ——
- . ——

ENS DE LYON

*
PO Halttunen et al. Sci Rep 2019
LABORATOIRE Cuau et al. Nanoscale. 2024
)E CHIMIE
I ENS DE LYON
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Versatility of Spectral CT imaging
Spectral ultra-high resolution imaging with lower X- Color functional imaging Color molecular imaging
ray dose and higher contrast 7
2
h' -:: S §§ ‘
a&' 3 -130MEEEET 1430 0.8 NN | 15 L e 30 !
. HU mg/mL % area macrophages

Muilti-color imaging

©spccT "

ve

Multicolor Cell tracking

Dual Contrast angiography
Gold Quantification

A Aorta Gold
nanoparticles
Right Ventricle gold
Pulmonary Artery Gold
Lung Gold
> Aorta lodine
AuNP-labeled
therapeutic cells
Specific cell tracking

Intracerebral with Gold K-edge ) )
transplantation Image o
‘ (\2d] : Time (s)
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However, patience is required

Table 6. Main characteristics of current spectral photon-counting CT systems suitable for clinical imaging. Note that 2 of them are designed with small bore gantry for head
(Samsumg Healthcare) and for extremities (MARS Bioimaging limited system) imaging and that 2 of them have been FDA-cleared (Siemens Healthineers and Samsumg
Healthcare).

CT PCD Detector size . . Energy Current
Manufoctuny plateforms materials Ceontty at isocenter S edotview thresholds status

Clinical prototype system;

Canon Aquilion Mono- . Not cleared or approved by the U.S. FDA
Healthcare ONE VISION faat source 0 e oSSl or any other global regulator for commercial availability;
Clinical trial pending
. CT performances evaluation on going;
GE Healthcare LishiSpeed VOT Silicon Moo 0.250 mm ?7? cm 8 available Not cleared or approved by the U.S. FDA or any other global regulator
CT Scanner source . pping
for commercial availability
MARS Mono 5 in “char ; Not cleared or approved by the U.S. FDA or any other global regulator
Bioimaging CdZT i 0.110 mm 11 cm g; s” & for commercial availability;
Limited (MBI) source e Pre-clinical research; Clinical trail pending
CT performances evaluation on going;
Philips Philips iCT CdZT Mono- 0.274 mm 50 om S5in §tandard mode; Not cleared or approved by the US FDA or any other global regulator
Healthcare plateform source 5 in HR modes for commercial availability;
Clinical trial pending
S OmniTom Mono- Ooli mmlrnn ((l}JIIIg{) ; Clinical research on Human;
Hanlltslllmg Portable CdT source i 0.7 mm i 25 cm 3 available FDA-cleared in march 2022;
Cncare PCD Head CT : Clinical trial pending
0 cm; )
0.300 mm 36 om used for cardiac FDA-cleared in september 2021;
Siemens NAEOTOM y 4 in standard mode; Pre-clinical and Clinical research on HumanFDA-cleared in september
. CdT Dual-source (standard); scans; . .
Healthineers Alpha . . 2 in HR mode 2021;
0.150 mm (HR) 36 cm for high helical . .
. Commercially available
pitch scans

Footnote. Parameters listed are based on the current status of the manufacturer's development and are expected to evolve in a near future. Cd: Cadmium, Z: zinc, T: telluride.

Greffier et al Spectral CT imaging (Review). DIIl. 2022
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Conclusion

Spectral CT imaging promises to push back the limits of conventional
imaging by :

« Providing incremental improvement of current applications

* Providing paradigm shift for current applications

« Offering new high-resolution morpho-functional applications at

the forefront of biology, chemistry, medical imaging, bio-engineering

High potential for improving the current state-of-care

_potential for improving the patients’s survival
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