
 

      
Abstract-- We present the results of using iterative 

reconstruction of dual-energy CT (DECT) to perform accurate 
CT-based attenuation correction (CTAC) for PET emission 
images. Current methods, such as bilinear scaling, introduce 
quantitative errors in the PET emission image for bone, metallic 
implants, and contrast agents. DECT has had limited use in the 
past for quantitative CT imaging due to increased patient dose 
and high noise levels in the decoupled CT basis-material images. 
Reconstruction methods that model the acquisition physics 
impose a significant computational burden due to the large image 
matrix size (typically 512 x 512). For CTAC, however, three 
factors make DECT feasible: (1) a smaller matrix is needed for 
the transmission image, which reduces the noise per pixel, (2) a 
smaller matrix significantly accelerates an iterative CT 
reconstruction algorithm, (3) the monoenergetic transmission 
image at 511 keV is the sum of the two decoupled basis-material 
images. Initial results using a 128 x 128 matrix size for a test 
object comprised of air, soft tissue, dense bone, and a mixture of 
tissue and bone demonstrate a significant reduction of bias using 
DECT (from 20% to ~0% for the tissue/bone mixture). FBP 
reconstructed images, however, have significant noise. Noise 
levels are reduced from ~8% to ~3% by the use of PWLS 
reconstruction.  

 

I. INTRODUCTION 
ET/CT scanners are used to provide accurately aligned 
functional and anatomical information [1].  A secondary 

synergy of PET/CT scanners is to use the CT image for 
attenuation correction of the PET emission data [2].  CT-based 
attenuation correction (CTAC) offers several benefits over 
conventional PET transmission scan attenuation correction.  
CTAC provides low-noise attenuation correction factors 
without the need for lengthy transmission scans, significantly 
reducing the overall scan time.  Moreover, CT scans contain 
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no bias from the emission contamination of post-injection 
imaging.  

 CT attenuation correction factors are susceptible to bias 
due to the need to transform the CT image to attenuation 
correction factors at 511 keV. CTAC biases are probably not 
significant for detection or staging purposes [3], but are 
problematic with prosthetics [4] or where quantitative accuracy 
is paramount. Figure 1 summarizes the benefits and challenges 
of CTAC. 
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Fig 1. Summarizes the pros and cons of common methods for attenuation 
correction. 

 

II. CT-BASED ATTENUATION CORRECTION 
Three simple solutions can be employed for transforming 

attenuation levels from CT energies to PET energy. 
Segmentation methods can be used to separate the CT image 
into regions corresponding to different tissue types, which then 
are replaced with appropriate attenuation coefficients at 511 
keV. This method has a potential source of error due to 
misclassification, especially with low-dose CTAC, and in areas 
with low density gradients although this approach may be 
helpful for focal contrast accumulation [5, 6].  Second, linear 
scaling of the entire CT image with the ratio of attenuation 
coefficients of water (representing soft tissues) at the photon 
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energies of CT and PET offers a simple solution for the 
transformation. For bone, however, linear scaling is a poor 
approximation, since photoelectric absorption dominates 
Compton scatter at the lower range of CT energies [7].  
Finally, the most common method for transforming to PET 
energies is Bilinear/Hybrid Scaling. In these methods, different 
scaling factors (for water and air, and for water and bone 
respectively) are used to calculate the attenuation values for 
CT numbers H for which -1000 < H < 0, and for H > 0. The 
bilinear approach was proposed for PET [8] and [9] and a 
variation of bilinear method, hybrid scaling, was proposed in 
[2]. These methods make approximations that include treating 
the CT energy spectrum as a single 'effective' energy and 
ignoring the atomic number of high-Z materials such as 
contrast agents [10]. 

Both the bilinear scaling method and the hybrid methods 
have been shown to give reasonable results for low-Z 
biological materials in practice.  However, for high-Z materials 
such as contrast agent there is a possibility for significant bias.  
Figure 2 presents reconstructions of a cylindrical phantom 
containing water and three small cylinders of air, a solution of 
iodine-based contrast agent, and a solution of CaCl2 (a bone 
equivalent mixture).  Figure 2C shows the same phantom PET 
transmission scan revealing the correct attenuation values for 
511keV photons.  Figure 2D is the difference image of the 
bilinear scaled image and the PET transmission image 
highlighting the significant errors in the contrast cylinder.   

 

  
A. Original 140keV CT Image B. Downsampled and bilinear 

scaled image 

  
C. PET Tx Image D. Difference image of B and C 

Fig 2. Highlights the potential bias due to bilinear scaling of CT image.  Figure 
(A) shows original CT image of water phantom with air, contrast, and bone 
cylinders starting at top and proceeding clockwise.  Images (B) and (C) show 
linear attenuation coefficient values at 511keV from bilinear scaling of CT 
image and from PET Tx scan.  Difference image in (D) shows most error in 
cylinder containing contrast agent.  

 
Biases in the attenuation correction factors lead to errors in 

the attenuation corrected PET images.  These errors are 
difficult to predict and lead to images with inaccurate 
quantitation and boundary artifacts.  Figure 3 presents a 

simulated example highlighting the propagation of errors in 
attenuation values into errors in PET images.  Figure 4 plots 
the error in the attenuation corrected PET standard uptake 
values (SUV) for different levels of errors in the CT images.  
As the error in the ACF’s increase, the error in the PET image 
increases and regions with higher uptake values lead to greater 
errors in the AC PET image. 

 

 
Fig 3. Simulation study showing propagation of errors from biased attenuation 
correction factors (CTAC with errors) into the attenuation corrected PET 
image (PET EM using CTAC).  Difference image shows that both quantitative 
errors can occur along with unpredictable artifacts. 
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Fig 4. Results of simulation study showing propagation of CT error of 
different Hounsfield units (HU) into the error in the attenuation corrected PET 
standard uptake values (SUV).   
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Fig 5.  Schematic of the steps in dual energy CT-based, attenuation correction.  The object is initially scanned at two energies.  Sinograms are then decomposed 
into basis sinograms of soft tissue and bone.  The soft tissue and bone images are reconstructed (with FBP in this case) from these separate sinograms.  Finally, 
the separate images are scaled to 511keV and combined into composite image for attenuation correction of the PET emission data.  

III. DUAL ENERGY CT-BASED ATTENUATION CORRECTION 
We propose using dual energy CT (DECT) [11] to remove 

the bias from the CTAC image.  This approach was proposed 
with SPECT [12] and PET [13].  DECT is problematic because 
of the significant noise amplification and the additional patient 
radiation dose required to perform second scan and to reduce 
noise. Figure 5 summarizes the steps involved in dual energy 
CT-Based attenuation correction. Our goal is to use dual 
energy CT for PET attenuation correction with a statistically-
principled reconstruction method to reduce noise and with a 
smaller grid size to make iterative reconstruction feasible. 
Iterative CT reconstruction has received considerable interest, 
but no clinical application due to the computation time for 
large (e.g 5122) image sizes.  For dual energy CTAC, high 
resolution CT, and consequently large image sizes, are not 
required considering the PET images are at a much lower 
resolution.  As a result, we can reduce the computational 
burden of iterative reconstruction to a clincally feasible level.   

A. Dual Energy CT Attenuation Correction with PWLS 
Sukovic and Clinthorne proposed a PWLS algorithm for use 

with DECT data [14].  Our method is an extension using a 
polychromatic X-ray spectra for the decomposition of the dual 
energy sinograms into soft tissue and bone sinograms.  Figure 
6 presents the two energy spectra used in the simulations. 

Starting with decomposed sinograms, ŝ = [ ŝS , ŝB ] , for soft 
tissue and bone basis materials, the PWLS similarity measure 
is 
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the line integral of spatial basis function bj (x) .   

The weighting matrix, Wi  is a 2 × 2 matrix.  In this paper, 
we choose to let Wi  be diagonal with  
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2  is an estimate of the variance of sinogram element 
ŝSi .  The off-diagonal terms can be used to include the well-
known covariance between the basis sinograms. The penalty 
term R(x)  is regulated with strength, β .  The images 
x = [xS , xB ] that minimize (1) provide the PWLS estimate of 
the coefficients we desire [15].   

 The desired attenuation coefficients at any energy are  
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where βl (E)  is the mass attenuation coefficient for material l 
where l = [1, 2] . 

IV. APPLICATION 
Figure 7 presents a comparison of the reconstruction of soft 

tissue and bone images with FBP and PWLS.  Data from this 
simulated chest phantom was generated with the 80kVp and 
140kVp polychromatic spectra in figure 6.  The PWLS method 
results in less error and noise in the images.   

We also simulated a NEMA-94 20cm test cylinder with 
three 5cm inserts containing air, 50-50 soft tissue + bone and 
100% bone.  To evaluate the proposed DE polychromatic 
PWLS at varying image and data sizes, we generated 20 
independent noise realizations of dual energy data sets from 
this phantom.  These data sets were reconstructed to images 
with matching spatial resolution, as desired for determining 
PET attenuation correction factors.  Table 1 summarizes the 
results providing the time per iteration, RMS error, and 
average bias.  It should be stressed that smaller image sizes 
still lead to accurate reconstructions with comparable errors 
and bias as the high resolution reconstructions.  Figure 8 plots 
the reconstruction time of PWLS and FBP vs. the data and 
image size reduction factor.  Even though these times are 
based on non-optimized Matlab code, the plot highlights that 
iterative reconstruction of smaller image sizes can be 
accomplished in a reasonable amount of time. 

 
Fig 6. Simulated energy spectra used to decompose dual energy data into soft 
tissue and bone components. 
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Fig 7.  Comparison of dual energy FBP and PWLS.  PWLS reconstructions of 
soft tissue and bone components have less error and noise than FBP 
reconstructions. 

 
 

 
Fig 8. Time comparison of FBP and PWLS as the image and data size is 
reduced by factors 1 through 8.  Shows that PWLS reconstruction of small 
images can be accomplished in feasible times. 

 
TABLE 1. COMPARISON OF DE-PWLS RECONSTRUCTION OF DIFFERENT 

IMAGE/DATA SIZES.   

Image 
Size 

Sinogram 
Size 

Time per it 
relative to 
512×512 

FBP 
Normalized 
RMS Error 

Average 
absolute 

bias 

512×512 560×640 5.3 20.3±0.1% 11.1±0.2% 

128×128 140×160 0.1 13.7±.42% 13.9±0.6% 
 

V. CONCLUSION 
Currently, CT-based attenuation correction has the potential 

for significant bias in the attenuation correction factors.  We 
present results showing the propagation of these errors into 
attenuation corrected PET images.  Dual energy CT-based 
attenuation correction offers the potential of reducing bias in 
the CTAC image and also bias in the final PET emission 
image.  Dual energy CT results in increased noise in 
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reconstructions from the basis material decomposition process 
and from the potential use of low-dose CT.  Noise from dual 
energy CT imaging can be reduced through the use of 1) a 
statistically principled reconstruction method, 2) a coarse 
reconstruction grid, and 3) only the summed component image 
at 511keV.   

 We presented a successful polychromatic, DE-PWLS 
iterative reconstruction method.  We showed that the reduction 
of the CTAC sinograms and image matrix sizes to 128×128 or 
64×64 leads to iterative reconstructions of dual energy CT 
component images in a clinically feasible amount of time.  
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