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▸ Basic principle of dual-energy CT
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– Radiation dose
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– Material-generic applications (virtual monochromatic)

– Material-specific applications (Virtual unenhanced, iodine, stone, etc.)
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Basic principle of dual-energy CT

▸ In diagnostic energy range, linear 
attenuation coefficient of a material can 
be decomposed into 
(Alvarez and Macovski, 1976):

▸ Equivalent to two basis-material 
decomposition (Lehman et al, 1981):

▸ To solve the density maps of the two basis 
materials, measurements from at least 
two-energy spectra are required:
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Dual-energy CT Techniques 

Slow kV switching Fast kV switching

Dual-layer detector Dual x-ray source

McCollough et al, Radiology, 2015
Saba et al, 2015
Kappler et al, 2010; Yu Z et al, PMB, 2016

Twin-beam

Photon-counting

Strength and weakness of different Approaches

McCollough et al, 
Radiology, 2015

Many Important Clinical Applications

Virtual Monochromatic

Lung PBV

Kidney stone

Gout Breast implant Auto bone removal

Virtual non-contrast Iodine imaging
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Major components of dual-energy CT protocols

▸ Scanning and reconstruction (scanner platform dependent)

– Radiation dose 

– Spectra and technique selection

– Material decomposition

▸ Post-processing (clinical application dependent)

– Material-generic (virtual monochromatic)

– Material-specific (Virtual unenhanced, iodine, stone, gout, etc.) 

7

An example DE protocol

Scanning parameters: 
rotation time, collimation, 
pitch, AEC, dose, etc, also 
including a DE spectrum 
selection chart

Reconstruction 
parameters: Series for DE 
post-processing needs to 
be quantitative kernel

DE post-processing: mono, 
virtual non-contrast, iodine, 
etc.

Major Considerations in Dual-energy CT Protocols

▸ Radiation dose

▸ Scan techniques and spectrum selection

▸ Material-generic applications (virtual 
monochromatic)

▸ Material-specific applications (Virtual non-contrast, 
iodine, stone, etc.)
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Radiation dose neutral?

Noise: 23.9 
HU HU

Noise: 26.5 
HU HU

GE Revolution CT GSI Xtream white paper, 2017 Zhang D et al, Med Phys, 2011

Yu L et al, Med Phys, 2009, 2011

GE GSI

Siemens 
DS

Spectrum and technique selection – GE GSI

▸ Fixed at 80/140 kVp

▸ Longer time projections for 
80 kVp to balance the 
radiation output between the 
2 energies

▸ GSI Assist to select the scan 
technique from a preset list

Saba et al, 2015
GE Revolution CT GSI Xtream white paper, 2017

12

Spectrum and technique selection – GE GSI
GSI preset list: GSI assist selects a technique to match CTDIvol in a 
non-GSI acquisition for a target non-GSI noise index
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Spectrum and technique selection – Philips iQon

▸ Scan technique 
just like single 
energy

▸ 120 kV or 140 
kV

Saba et al, 2015

Spectra and technique selection – Siemens DS

Flash Force

Spectra and kV pair selection – Siemens Dual-source

Mayo dual-
energy liver 
kV chart

70 kV 150Sn kV

Patient Lateral Width DE kV
Quality reference 

mAs

<30 cm 70/Sn150 800/200
30-35 cm 80/Sn150 450/225
36-45 cm 90/Sn150 320/200
46-50 cm 100/Sn150 280/140

>50 cm Use SE Use SE

Michalak
G et al, 
Med Phys 
2016

• Better spectra separation → better dual-energy performance 
(Primak A et al, Med Phys, 2009) 

• However, low kV on large patients → limited radiation output, causing artifacts. 
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Two Categories of Dual-energy CT Applications

▸ Material-generic imaging 

– Virtual monochromatic image

Reduce artifacts, improve 
quantitative accuracy,
Improve contrast and CNR

Expand CT clinical applications
• Material quantification (e.g., 

iodine, bone)
• Material classification (e.g., 

bone/iodine, uric acid/non-uric 
acid)

• Material-specific imaging
– Basis material decomposition

– PE-Compton decomposition

GE – Basis material decomposition in projection domain

▸ Projection domain basis material decomposition

▸ Material density maps (Iodine, water, calcium, HAP, uric acid, and fat) and VUE

▸ Generated as material basis pair (e.g., water/iodine; uric acid/calcium)

GE Revolution CT GSI Xtream white paper, 2017

Philips – PE/Compton decomposition in projection domain

▸ Projection domain decomposition → PE and Compton data → PE and 
Compton images

▸ Material decomposition → VNC, Iodine image, etc.

▸ Anti-correlation model to reduce noise
Rassouli et al, 2017
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Siemens – 2 or 3-material decomposition in image domain

▸ Material groups:

– Liver virtual non-contrast (VNC): soft 
tissue/iodine/fat

– Lung PBV: soft tissue/iodine

– Virtual non-calcium: soft 
tissue/calcium/fat

– Virtual un-enhanced: water/iodine

▸ Classification task relies on 
certain threshold of dual-energy 
ratio

– Kidney stone characterization

– Gout diagnosis

Saba et al, 2015

Virtual monochromatic imaging  

▸ Reduce beam-hardening artifacts and improve 
quantitative accuracy

▸ Low keV to improve contrast or CNR

▸ Medium keV to minimize noise

▸ High keV to reduce metal artifacts

20

21

Virtual Monochromatic Imaging – CT Number Stability

Michalak et al, Med Phys 2016
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Improved Iodine Enhancement at low keV

120 kV 50 keV

From Philips iQon CT,  Rassouli et al, 2017

Noise vs. Energy

Yu et al, Med Phys 2011

Virtual Monochromatic Imaging – Contrast, Noise, and CNR 

Iodine CNR vs. Energy

Iodine contrast vs. Energy

Iodine CNR vs. Energy

Grant et al, Invest Rad, 2014

Optimal energy for virtual monochromatic images

▸ Artifacts and noise might be 
problematic at too low 
monochromatic energies

▸ Optimal energy for virtual 
monochromatic images

– For contrast and contrast-noise-ratio 
enhancement: ~50 keV

– For minimum noise and soft tissue 
contrast: 65-75 keV

24

40 keV

70 keV

Goodsitt et al, Med Phys 2011
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Metal artifact reduction

120 kV 127 keV

Yu et al, AJR, 
2012

70 keV 140 keV

Pessis et al, 
RadioGraphics, 
2013

GE GSI

Siemens 
DS

Combined with iMAR, best for spine implants

26Long et al, AJR, 2018

27

Total Shoulder Arthroplasties: iMAR+mono was the best

Orginal DECT Mono+ alone

iMAR alone iMAR + DECT Mono+

Glazebrook 
et al, RSNA 
2017
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Mono was the best, iMAR introduced artifacts in dental

Long et al, 2018

120 kV + iMAR

DE mono 130 keV DE iMAR mono 130 keV

120 kV

• Dose saving by VNC should be quantified as the dose that is required in single 
energy scan to generate the image quality equivalent to VNC

• Dose saving depends on dose distribution, spectrum separation and patient size: 
At most 40% of the dose in a true non-contrast scan! 

Virtual non-contrast (VNC) – Dose consideration

Contrast image True non-contrastVNC image 

Yu L et al, RSNA 2014

Virtual non-contrast (VNC) – CT  Number Accuracy

▸ Vary by 5-9 HU on a per-patient basis, which is small, but could still potentially lead 
to mischaracterization of a mass as benign or potentially malignant (GE GSI).

Kaza et al, Acad Rad, 2017
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Iodine quantification accuracy

▸ Varies among systems, mostly within 10%

▸ Dual-source and fast kV switching most 
accurate in large phantom

▸ Split filter DE had the lowest accuracy

Jacobson et al, Radiology, 2018

Renal Stone Composition Characterization

Primak A et al, Acad Rad, 2007

Threshold for stone classification

Flash Force

80/140 1.15 70/Sn150 1.29

80/Sn140 1.21 80/Sn150 1.23

100/Sn140 1.13 90/Sn150 1.19

100/Sn150 1.15

Siemens DE

GE GSI

Kulkarni NM et al, JCAT 2013 
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Summary

▸ Major components of DE protocols

▸ Scanner platform-dependent considerations

– Scanning parameter optimization (kV, dose, etc)

– Material decomposition (methods, material types, etc)

▸ Clinical application-dependent considerations

– Material-generic (virtual monochromatic)
• Optimal keV depends on applications

– Material-specific (VNC, iodine, stone, etc)
• VNC dose and image quality

• Iodine quantification accuracy

• Stone characterization
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