
PET-enabled Dual-energy CT: 
Exploring a New Way of Spectral Imaging Using 

Synergistic Reconstruction

Guobao Wang, PhD
Department of Radiology, UC Davis Medical Center

4th November, 2019

Synergistic Reconstruction Symposium
Chester UK, 2019



Dual-energy (DE) CT for Quantitative Imaging 

• DECT uses two different energies to obtain quantitative 
material decomposition

• First introduced in late 1970’s

• Renewed interests since ~2005

– New implementations: fast kVp switching, dual-source, 
spectral detectors
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Existing X-ray DECT Paradigm
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Implementation on PET/CT Scanners?

• PET/DECT
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would require hardware upgrade 
or increase radiation dose



Our Proposed Method: PET-enabled DECT 

5

radiotracer

γ-ray

“ɣ-ray CT” Image

X-ray CT Scan

x-ray

X-ray CT Image

PET Emission Scan

PET/CT

Wang, IEEE-MIC 2018

PET Image

PET-enabled DECT 

Low-energy High-energy



Two Ways to Obtain “ɣ-ray CT” from PET Data

• Method 1: Synergistic reconstruction of PET activity and 
ɣ-ray CT attenuation at 511 keV - known as “MLAA”
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Abstract
In positron emission tomography (PET), a quantitative reconstruction of
the tracer distribution requires accurate attenuation correction. We consider
situations where a direct measurement of the attenuation coefficient of
the tissues is not available or is unreliable, and where one attempts to
estimate the attenuation sinogram directly from the emission data by exploiting
the consistency conditions that must be satisfied by the non-attenuated data.
We show that in time-of-flight PET, the attenuation sinogram is determined by
the emission data except for a constant and that its gradient can be estimated
efficiently using a simple analytic algorithm. The stability of the method is
illustrated numerically by means of a 2D simulation.

1. Introduction

In positron emission tomography (PET), an accurate quantitative reconstruction of the tracer
distribution requires taking into account the attenuation of the photons by the tissues. The
spatial distribution of the attenuation coefficient (the attenuation image) is usually estimated
by means of a CT scan, extrapolated to the required photon energy of 511 keV, and forward
projected to obtain the attenuation sinogram (Kinahan et al 1998). There are situations,
however, where this external information about the attenuation is unavailable, incomplete or
potentially inaccurate due for instance to patient motion between the transmission scan and
the emission scan or to the utilization of radiological contrast agents (Carney et al 2002).
Despite recent progresses (Schreibmann et al 2010, Keereman et al 2010, Hofmann et al
2011), estimating the attenuation from MR data in PET-MR scanners remains complex and
more prone to errors than with PET-CT scanners. In all these cases, any additional information
should be exploited to improve the stability and accuracy of the reconstruction. Potential
sources of additional information include the known values of the attenuation coefficients in
various types of tissues (Nuyts et al 1999b) and also the emission data themselves, which
have long been known to contain significant information about the attenuation. An interesting
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Abstract
In positron emission tomography (PET), a quantitative reconstruction of
the tracer distribution requires accurate attenuation correction. We consider
situations where a direct measurement of the attenuation coefficient of
the tissues is not available or is unreliable, and where one attempts to
estimate the attenuation sinogram directly from the emission data by exploiting
the consistency conditions that must be satisfied by the non-attenuated data.
We show that in time-of-flight PET, the attenuation sinogram is determined by
the emission data except for a constant and that its gradient can be estimated
efficiently using a simple analytic algorithm. The stability of the method is
illustrated numerically by means of a 2D simulation.

1. Introduction

In positron emission tomography (PET), an accurate quantitative reconstruction of the tracer
distribution requires taking into account the attenuation of the photons by the tissues. The
spatial distribution of the attenuation coefficient (the attenuation image) is usually estimated
by means of a CT scan, extrapolated to the required photon energy of 511 keV, and forward
projected to obtain the attenuation sinogram (Kinahan et al 1998). There are situations,
however, where this external information about the attenuation is unavailable, incomplete or
potentially inaccurate due for instance to patient motion between the transmission scan and
the emission scan or to the utilization of radiological contrast agents (Carney et al 2002).
Despite recent progresses (Schreibmann et al 2010, Keereman et al 2010, Hofmann et al
2011), estimating the attenuation from MR data in PET-MR scanners remains complex and
more prone to errors than with PET-CT scanners. In all these cases, any additional information
should be exploited to improve the stability and accuracy of the reconstruction. Potential
sources of additional information include the known values of the attenuation coefficients in
various types of tissues (Nuyts et al 1999b) and also the emission data themselves, which
have long been known to contain significant information about the attenuation. An interesting
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MLAA implementation: Rezaei et al 2012; Erdogan & Fessler 1999



Two Ways to Obtain “ɣ-ray CT” from PET Data

• Method 2: Reconstruction of ɣ-ray CT attenuation from 
intrinsic background radiation of PET LSO scintillators

7Rothfuss et al. PMB 2014
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Comparison with Previous Works in PET/CT

• Previous attention: To break up with x-ray CT

• Our interest: To keep the x-ray CT
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Transmission-less PET attenuation 
correction

PET-enabled DECT imaging



• Example: 3-material decomposition (fat, soft tissue, and 
calcium)

• Material fraction 𝝆 is estimated using optimization

Quantitative Material Decomposition
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Preliminary Simulation Results for Proof of Concept
A. MLAA reconstruction of TOF-PET data

Attenuation (511 keV)Emission

B. X-ray CT (60 keV)

C. Material Decomposition

Calcium

Soft tissue
True Materials By PDE-CT
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Noise Challenge and Solution

• Challenge

High noise associated with PET emission data

• Solution: Guide the reconstruction of ɣ-ray CT from PET 
data using the available x-ray CT data

– Good initial estimate

– Anatomical prior
11



Kernel Representation for ɣ-ray CT Image

• Pixel 𝑗 of a ɣ-ray image 𝒖0 is associated 
with a feature vector 𝒇2 on the x-ray CT 
image 𝒖3

• Describe the intensity (“label”) 𝑢0,2 as a 
linear function in the kernel space using 
“kernel trick”
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ɣ−ray CT 𝒖0

X-ray CT 𝒖3
patch fj

More details on the kernel methods: Wang&Qi ISBI 2013; Wang&Qi IEEE T-MI 2015; …

𝑢0,2

𝑢0,2 =5
678
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Kernelized MLAA
• Standard MLAA (maximum likelihood estimation of activity 

and attenuation) for time-of-flight PET emission data

• Kernelized MLAA

where the kernel matrix 𝑲 is derived from x-ray CT image.

• Final image estimate from K-MLAA is -𝒖 = 𝑲-𝜶
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-𝒙, -𝒖 = argmax𝒙,𝒖 𝐿 𝒚TOF|L𝒚 (𝒙, 𝒖)

-𝒙, -𝜶 = argmax𝒙,M 𝐿 𝒚TOF|L𝒚 (𝒙,𝑲𝜶)



Results from a Computer Simulation: MLAA
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Ground truth Iteration 0 Iteration 100 Iteration 3000

MSE=-0.2 dB MSE=-2.9 dB MSE=-7.9 dB



Kernelized MLAA Dramatically Improves Image Quality

MSE=-7.9 dB

MSE=-23.0 dB
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Use of CT Initial Accelerates Kernelized MLAA
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MLAA Kernelized MLAA

300 iterations

3000 iterations



Demonstration of Improved Image Quality
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Proposed MethodExisting MethodGround truth

MSE=-25.6 dBMSE=-7.9 dB



Quality Improvement Across Different Count Levels
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Summary and Future Directions

• We have shown the feasibility of a PET-enabled dual-
energy spectral CT imaging method

• Many more algorithm development opportunities

– PET-enabled spectral CT (PS-CT) imaging (511 keV, 307 
keV, 202 keV ɣ-rays and ≤ 140 keV x-ray)

– Super-resolution PS-CT

– Synergistic and direct reconstructions
19
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