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Learning Objective

§Understand the basic physics of dual-energy CT
imaging.
§Learn about commercial dual-energy CT scanners
and their pros and cons.
§Learn about common dual-energy CT clinical
applications.
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Naming
Multi-energy CT (Spectral CT)

Dual-energy CT
Photon-counting CT

with energy bins

All the commercially available
multi-energy CTs (spectral CTs)
are dual-energy CTs.

Conventional CT
(Single-energy CT)
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The Beginning….
§ “Two pictures are taken of the same slice, one at 100kV and the

other at 140 kV... areas of high atomic numbers can be enhanced...
Tests carried out to date have shown that iodine (Z=53) can be
readily differentiated from calcium (Z=20)”.

§G.N. Hounsfield, BJR 46, 1016-22, 1973.

§First widely-used commercial dual-energy CT: ~ 2005 Dual-source
dual-energy CT
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Basic Idea

ߤ = ݂ ܼ, ,ܧ ߩ
= ఓ

ఘ
(ܼ, (ܧ ȉ ߩ

Three variables determines
linear attenuation coefficients!

Two measurements with known E,
we can get ρ and Z.
(two unknowns, two equations)
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Motivations -1
§Benefits to remove E from CT images

§ Reduce artifacts: Beam hardening artifacts

§ Improve CT number consistency

§ CT numbers are affected by effective energy in CT images
which depends on CT hardware, software and patient (size,
location, anatomy, etc)



4/4/2020

2

4/4/2020

835 831

884

964

926

993 995
981

894
910

961

912

963

920
892

923

700

750

800

850

900

950

1000

1050

1 2 3 4 5 6 7 8

C
T 

N
um

be
r (

HU
)

Scanner #

Head Body

CT Numbers of ACR Phantom Bone Insert from
Conventional CTs

Vendor #1 Vendor #2 Vendor #3
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Motivations - 2
§Benefits to get ρ, Z

§ Material differentiation: materials with the same CT number may
be very different, e.g., iodine and bone

§ Material qualification: ρ or ρ_e, Z; material decomposition
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Calcium vs Iodine Differentiation

Conventional image (120 kV)
Iodine and calcium rods indistinguishable

Virtual non-contrast image
Only calcium rods are bright 4/4/2020

Dual-Energy CT Post-processing Models
§ (ρ, Z) model – Physical effect model

§ ൝
௅ߤ = ݂ ,ߩ ܼ, ௅ܧ = ௣݂௛௢௧௢௘௟௘௖௧௥௜௖ ,ߩ ܼ, ௅ܧ + ஼݂௢௠௣௧௢௡(ߩ, ܼ, (௅ܧ

ுߤ = ݂ ,ߩ ܼ, ுܧ = ௣݂௛௢௧௢௘௟௘௖௧௥௜௖ ,ߩ ܼ, ுܧ + ஼݂௢௠௣௧௢௡(ߩ, ܼ, (ுܧ

§ EL and EH are low and high energies determined by calibration

§Popular in radiation therapy applications
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Dual-Energy CT Post-processing Models
§Basis material model – Material Decomposition

§

௅ߤ = ௅ܩ ,ଵߩ ଶߩ = ଵߩ
ఓ
ఘ ଵ

(௅ܧ) + ଶߩ
ఓ
ఘ ଶ

(௅ܧ)

ுߤ = ுܩ ,ଵߩ ଶߩ = ଵߩ
ఓ
ఘ ଵ

(ுܧ) + ଶߩ
ఓ
ఘ ଶ

(ுܧ)

§ ρ1 and ρ2 are density of two known (basis) materials, e.g., water
and iodine, ఓ

ఘ ଵ
and ఓ

ఘ ଶ
are mass attenuation coefficients.

§Commonly used in diagnostic imaging for material quantification

§ Two material decomposition

§ ߤ⃑ = ଵߩ
ఓ
ఘ ଵ

+ ଶߩ
ఓ
ఘ ଶ

,

§ Each vector consists of low and high
energy values.

§ Space (basis) change:

§ ௅ߤ , ுߤ → ఓ
ఘ ଵ

, ఓ
ఘ ଶ

 

Geometric Explanation of Material Decomposition

µH

µL

ρ1

ρ2

ߤ⃑

ߤ
ߩ ଵ

ߤ
ߩ ଶ

(illustration-purpose only)
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§Three material decomposition

§ ቊ ௅ߤ = ௅ܩ ,ଵߩ) ,ଶߩ (ଷߩ
ுߤ = ,ଵߩ)ுܩ ,ଶߩ (ଷߩ

§Underdetermined problem

§ Additional information
(assumptions) required.

Material Quantification: Three Unknowns
§Mass conservation

§ ߩ = ଵߩ + ଶߩ + ଷߩ

§ Exact, but difficult to solve the
problem.

§Volume conservation

§ 1 = ଵ݂ + ଶ݂ + ଷ݂ (volume
fraction)

§ Approximate, but very easy to
solve.

§Solving the equations using
projection data

§For each projection data pair,

§ ቊ
௅݌ = ௅ܲ(ߩଵ , (ଶߩ
ு݌ = ுܲ(ߩଵ, (ଶߩ

ܲ ȉ = න ܵ௅ ܧ ݌ݔ݁ − න ଵߩ
ߤ
ߩ

ଵ
+ ଶߩ

ߤ
ߩ

ଶ
ݏ݀

 

 

 ܧ݀
 

 

Projection Space Decomposition
§ Pros

§ More accurate model than image
space decomposition

§ Potentially less artifacts

§ Cons

§ Computation (much) more
complicated

§ No exact analytical solutions

§ Noise/error sensitiveProjectionSpectrum

Two Types of Dual-energy Decomposition

Image-space decomposition

• CT
Reconstruction

Projection
data

• Image-space
decompositionCT images

• Clinical
applications

Spectral
Images

Projection-space decomposition

• Projection-space
Decomposition

Projection
data

•CT reconstruction
Basis

projection
data

• Clinical
applications

Spectral
images
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Interpretation of Material Decomposition Results

§ ߤ⃑ = ଵߩ
ఓ
ఘ ଵ

+ ଶߩ
ఓ
ఘ ଶ

§ If material ߤ⃑ is made of basis materials ଵߤ and ଶ, the calculatedߤ ଵߩ
and ଶߩ are related to physical mass density.

§Example, do a water/iodine decomposition on a water and iodine
mixture.
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Interpretation of Material Decomposition Results

§ ߤ⃑ = ଵߩ
ఓ
ఘ ଵ

+ ଶߩ
ఓ
ఘ ଶ

§What does it mean if material ߤ⃑ is different from basis materials?

§Example:

§
ఓ
ఘ ௖௔௟௖௜௨௠

≈ 0.835 ఓ
ఘ ௪௔௧௘௥

+ 0.064 ఓ
ఘ ௜௢ௗ௜௡௘

§The 0.835 and 0.064 can be interpreted as effective density, rather
than physical density.
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ߤ
ߩ ௖௔௟௖௜௨௠

≈

0.835
ߤ
ߩ ௪௔௧௘௥

+ 0.064
ߤ
ߩ ௜௢ௗ௜௡௘
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Dedicated DECT Scanners

§Key requirements
§ Minimize the time interval between two acquisitions

§ Ideally two acquisitions simultaneously

§ Maximize spectral separation – difference between two energies

§ Improve CNR

Energy Separation

µH

µL

ρ1

ρ2

ߤ⃑

ߤ
ߩ ଵ

ߤ
ߩ ଶ

Mathematically, equation
array’s condition number
increases.

Energy Separation Reduced

Measurement
with noise

µH

µL

Measurement
with noise

ρ1
variation

Noise amplified!

Dual-source DECT

Tube A

Tube B
§Two tubes/detectors ~ 90⁰ apart

§Operate independently: Two
kVs/filters, tube current modulation,
simultaneously low and high energy
imaging

§ Limitations:

§ One tube has limited field of view
(up to 35.6 cm vs. 50 cm)

§ Image-space decomposition

Fast kV-switching DECT

GE

80 kV
projection

140 kV
projection

§ One tube & detector system.

§ Two kV fast alternating in one
rotation

§ Compared to dual-source CT:

§ Pros: Projection-space
decomposition; full field of view
for spectral imaging (50 cm)

§ Cons: No tube current
modulation, same filter for low
and high kVs

Twin-Beam (split filter) DECT
§Two filters on the tube: split

beam into low and high
energy, i.e., half detector
rows acquires low/high
energy images.

§Compared to other systems

§ Pros: economical

§ Cons: require powerful
generator; small pitch
(slow scanning)

Au
(k-edge 81 keV) Sn

Al

Dual-layer Detector DECT
§ Sandwich (spectral) detector: upper

layer absorbs lower-energy photons
and lower layer absorbs higher
energy photons

§ Compared to other systems:

§ Pros: conventional and spectral
imaging simultaneously (work
flow); projection-space
decomposition; full field of view;
current modulation;

§ Cons: energy separation limited
by detector.

Low-energy
photons

High-energy photons

Sandwich
detector

X-ray tube
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Clinical Applications
§Synthetic dual-energy CT images

§ Virtual monoenergetic images

§ Material specific / removed images for quantification and
differentiation: Iodine map, Virtual noncontrast images, dual-
energy ratio/slope

§ Z and ρ (ρe) maps

Virtual Monoenergetic (monochromatic) Images

§ (௠ܧ)ߤ = ଵߩ
ఓ
ఘ ଵ

(௠ܧ) + ଶߩ
ఓ
ఘ ଶ

Em ,(௠ܧ) = 40, …, 190 (200) keV,
every 1 keV.

§ Note: virtual mono-E does not direct connection with
acquisition spectra.

§Applications

§ Middle energy level (~ 70 keV): less beam hardening artifacts,
consistent CT number; conventional image replacement.

§ Low energy level(40-60 keV): Boost contrast (iodine contrast)

§ Higher energy level (>120 keV): reduce metal artifacts

Virtual monoenergetic imaging
§ Improve image quality - qualitatively

M. Bruesewitz, 2012

Large Dense Metals

Yu, 2012

Renal tumor characterization

Silva, 2011

Material specific (removed) images
§ Iodine map and virtual noncontrast images

Contrast exam (conventional)           Iodine map (mg iodine/ml)               Virtual non-contrast (VNC) image (water image)

Bones in both iodine map and VNC!
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DECT in Thoracic Imaging
§Pulmonary Embolism

§ Perfusion images

31

M. Kang, 2010

DECT in Abdominal Imaging
§Renal tumor/cyst
§ Patient -1

§ A: non-contrast, 120 kV

§ B: contrast, 80/140 kV

§ C: iodine map

§ Patient -2

§ D: iodine map

32

J. Fletcher, 2009

VNC in Abdominal Imaging
§Kidney stones
§ A: non-contrast

§ B: contrast

§ C: VNC

§ Non-contrast may

be unnecessary!

33

J. Fletcher, 2009

Material Characterization
§ Kidney stone composition analysis

34
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DECT in Abdominal Imaging
§Kidney stones

35

UA CYS

APACOX/BRU/STR

UA

APA

Ravi K. Kaza, 2017

DECT in MSK
§Gout imaging

36

K. Glazebrook, 2011
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Electron Density and Effective Z
§Radiation Therapy: Proton stopping power ratio (SPR) calculation

M. Yang, et al, 2010

ߤ = ݂ ܼ, ,ܧ ߩ
CT number in conventional CT :

EDR: Electron density ratio
Im and Iwater are mean excitation energy,
which is a function of effective atomic
number.

Electron Density and Effective Z
§ Tissue segmentation for MC dose

calculation

M Bazalova, et al, PBM 2008

M Bazalova, et al, PBM 2008

DECT Exam Considerations
§Dual-source DECT (Siemens)

§ Small FOV

§ Large patients (Low kV beam: 80/100 kV)

§Fast kV switching DECT (GE)

§ Large patients (80 kV)

§ Tube current modulation (GSI assist)

§Dual-layer detector DECT

§ Less restriction – Same protocol as conventional CT
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Learning Objective

§Understand the basic physics of dual-energy CT
imaging.
§Learn about the common dual-energy CT platforms
and their pros and cons.
§Learn about the common dual-energy CT clinical
applications.

Take-home Messages
§Synthetic dual-energy CT images provide improved quality and

new information.

§ We need to correctly understand the new image types, e.g.,
why bones show in iodine map and water (VNC) images.

§Each types of dual-energy CT scanners have its pros and cons.

§Many clinical applications have been used in clinical practice and
more are coming!
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