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Abstract-Previously we proposed using an interpolated average 
CT (IACT) method for attenuation correction (AC) in PET, 
which is a good low-dose approximation of cine average CT 
(CACT) to reduce misalignments and improve quantification in 
PET/CT. This study aims to evaluate the performance of IACT 
for different motion amplitudes. We used the digital 4D Extended 
Cardiac Torso phantom (XCAT) to simulate maximum of2 cm, 3 
cm and 4 cm respiratory motions. The respiratory cycle was 
divided into 1 3  phases, with average activity and attenuation 
maps to represent 18F_FDG distribution with average respiratory 
motions and CACT respectively. The end-inspiration, end­
expiration and the mid-respiratory phases represented 3 
different helical CTs (HCT-l, HCT-5 and HCT-S). The IACTs 
were generated using: (a) 2 extreme + 11 interpolated phases 
(IACT1olli); (b) 2 phases right after the extreme phases + 11 
interpolated phases (IACT1•lli); (c) 4 original + 9 interpolated 
phases (IACT 409i)' A spherical lesion with target-to-background 
ratio (TBR) of 4 :  1 and diameter of 25 mm was placed in the base 
of right lung. The noise-free and noisy sinograms with 
attenuation modeling were generated and reconstructed with 
different noise-free and noisy AC maps (CACT, HCTs and 
IACTs) by STIR (Software for Tomographic Image 
Reconstruction) respectively, using OS-EM with up to 300 
updates. Normalized-mean square error (NMSE), mutual 
information (MI), TBR and image profiles were analyzed. The 
PET reconstructed images with AC using CACT showed least 
difference as compared to the original phantom, followed by 
IACT409i, IACT1olli, IACT1•lli, HCT-5 and HCT-IIHCT-S. 
Significant artifacts were observed in the reconstructed images 
using HCTs for AC. The MI differences between IACT10lli and 
IACT409;1CACT were <0 .41% and <2.17% respectively. With a 
slight misplacement of the two extreme phases, IACT1•lli was stilI 
comparable to IACT10lli with difference of <2.23%. The IACT is 
a robust, accurate low dose alternate to CACT and works well 
for over 90% of the clinical patients. 
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I. INTRODUCTION 

R
espiratory motion is generally considered the main problem 
in the CT-based attenuation correction (AC) in PET/CT. 

For conventional CT, a 3D helical acquisition of the thoracic 
cavity is collected over a single full-inspiration breath-hold 
CT scans. When applied with the emission exam, this 
technique captures a snapshot of the thoracic cavity in a 
distinct respiratory phase and does not represent the time­
averaged position of the thoracic structures as PET acquisition 
does. In fact, for thoracic structures, more than 40% studies 
have misalignment between the measured and the true position 
[1]. Erdi et al. [2] have examined PET/CT images of 5 lung 
carcinoma patients with multiple lesions, and showed that 
spatial mismatch results in up to a 30% error in the 
standardized uptake value (SUV) of the lesions. Also, 
phantom studies showed the effect of motion can result in as 
much as 75% underestimation of the maximum activity 
concentrations [3]. These distortions may lead to inaccurate 
localization of tumors and hence potential misdiagnoses [4, 5]. 

Cine respiration-average CT (CACT) from a 4D CT 
acquisition for AC has been proposed to reduce the 
misalignment artifacts and improve quantification of PET/CT 
[6-8] as compared to the conventional helical CT (RCT). 
Previously we have developed an interpolated average CT 
(IACT) method, generated from the end-expiration and end­
inspiration phases of cine CT and interpolated phases using 
deformable image registration, as a low dose alternate to 
CACT for AC in PET/CT [9]. We have demonstrated its 
clinical merits on 6 patients. This study aims to evaluate its 
accuracy and robustness, i.e. effects of different respiratory 
motion amplitudes and misplacement of the two extreme 
phases, based on computer simulations with known truth. 

II. MATERIALS AND METHODS 

In this study, we simulated the sinograms with attenuation 
effects from the digital 4D Extended Cardiac Torso (XCAT) 
phantom (Fig. la) that realistically models the anatomy, 
activity distribution of a male patient injected with 

18F_FDG, 
and the respiratory motions. We used the analytical projector 
and OS-EM reconstruction algorithm provided by STIR 
(Software for Tomographic Image Reconstruction), modeling 
a GE Discovery STE PET scanner. The respiratory cycle was 
divided into 13 phases (Fig. 1 b), starting from the end­
inspiration phase, and three maximum respiratory diaphragm 
motions of 2 cm, 3 cm and 4 cm were modeled (Fig. 2). A 
spherical lesion with target-to-background ratio (TBR) of 4: 1 
and diameter of 25 mm was placed at the base of the right lung 
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which is close to the diaphragm, where the respiratory motion 
is more prominent. 

The average of the 13 phases of the activity maps was 
used to generate the noise-free and noisy sinogram with added 
Poisson noise to represent PET acquisition with average of a 
respiratory cycle. For noise-free data, the CACT was 
represented by the average of the 13 phases of the attenuation 
maps. The HCT, which is usually a snapshot of a respiration 
cycle, was represented by phase #1 (end-inspiration phase), #5 
(mid-respiratory phase) or #8 (end-expiration phase) of the 
attenuation maps (HCT-l, HCT-5 and HCT-8). The IACT was 
generated by averaging the original phases and the 
interpolated phases using deformable image registration. 
Three different lACTs were simulated: (1). 2 original extreme 
phases + 11 interpolated phases (IACT 201 Ii), (2) 2 original 
phases right after the end-inspiration and -expiration phases + 
11 interpolated phases (lACT2s 1li); and (3) 4 original phases (2 
extreme and 2 mid-respiratory phases) + 9 interpolated phases 
(lACT409i). For noisy CT data, CT projections were generated 
from different AC maps using an analytical projector and then 
added with Poisson noise based on the clinical patient data. 
The projections were reconstructed with filtered back­
projection method to get the CT reconstruction images for 
further AC in PET. 

The optical flow method (OFM), a deformable image 
registration algorithm, was applied to calculate the velocity 
matrix which includes lateral, anterior-posterior and inferior­
superior displacement for each voxel on two successive CT 
phases in the respiratory cycle. The OFM calculation is as 
follows: 

(1) 

where n is the number of iterations, u (n) is the average 

velocity driven from the surrounding voxels, f is the image 
intensity, and a is the weighting factor with empirical value 

of 5. The OFM was then used to generate the interpolated 
motion maps with the original phases for IACT. 
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Fig. I. (a) The XCAT phantom and (b) the respiratory cycle was divided 
into I3 phases (2 em maximum diaphragm motion was shown here). 

(a) (b) (c) 
Fig. 2. The average activity maps showing (a) 2 em and (b) 3 em and (c) 4 

em maximum respiratory motions. 

The noise-free and noisy PET sinograms were reconstructed 
using OS-EM algorithm with up to 300 updates. Attenuation 
corrections were conducted using noise-free and noisy HCTs, 
IACTs and CACT, respectively. Their reconstructed PET 
images were compared and analyzed in terms of the following 
indices: 
(a) Normalized mean square error (NMSE) 

The whole reconstructed volume was used to assess the 
average NMSE. 

aVerageNMSE= �t (� -�J2 (2) 
n pi x A, 

where n is the number of voxels in the whole reconstructed 
volume, A is the voxel count value in the original phantom, � 
is the mean voxel value of the original phantom, x is the voxel 
count value in the noise free and noisy reconstructed images, 
� is the mean voxel value of the reconstructed images and j is 
the voxel index. 
(b) Mutual information (MI) 

The normalized MI (l(x, Y)) between X and y, a 
measure of the statistical dependence between both variables, 
was applied to estimate the nonlinear image intensity 
distribution between IACTsIHCTs/CACT and the original 
phantom : 

I (X, Y) = P (X) + P (Y) / P (X, Y) (3) 

where fl:X) is the histogram of X, fI: Y) is the histogram of 
Yand fl:x, Y) is the joint histogram of X and Y. 
(c) Target-to-background ratio (TBR) 

The 3D TBR was calculated from the known lesion region 
and the chosen background regions in the lung in 
reconstructed images using different CT maps: 

TBR 
= Mean hOI iesion 

(4) 
Mean background 

(d) Image profile 
An image profile was drawn vertically across the lung, 

lesion and the diaphragm to demonstrate the misalignment 
artifacts in the reconstructed images (300 updates) using 
different CT maps. 

III. RESULTS 

From visual assessment, the IACTs modeled the respiratory 
motions similarly to the CACT (Fig. 3a).The PET 
reconstructed images with AC using CACT and IACT showed 
no significant artifacts as compared to the original phantom 
(Fig. 3b & 4). Significant artifacts were observed in the PET 
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reconstructed images using HCTs for AC (Fig. 3d & 4). For 
IACTzo1li, the lesion movement cannot be modeled exactly for 
motion amplitude of 4 cm while it can be modeled for all 
motion amplitudes for IACT409i (Fig. 5). As in the visual 
assessment, the quantitative indices including NMSE, MI, 
TBR and image profiles showed that HCT-l and HCT-8 had 
the worst performances for motion amplitudes of 2 cm and 3 
cm (Fig. 6 & 7). As expected, reconstructed images using AC 
with CACT had least difference as compared to the original 
phantom for all quantitative indices, following by IACT409i. 
IACT2olli, IACT2slli and HCT-5 (Fig. 6 & 7). Our results 
showed that IACT20lli provides similar accuracy as compared 
to IACT409i and even CACT, with MI difference of <0.41% 
and <2.17% respectively, reassuring our findings in the 
previous clinical studies. With a slight misplacement of these 
two phases, the resultant IACTzs 1li still shows comparable 
accuracy to IACT20lli with MI difference of <2.23%. Noise­
free and noisy simulations have accordant results. 

HCT-I HCT-5 HCT-8 

2 cm 3 cm 4 cm 
Fig. 5. Top row: IACT20lu and bottom row: IACT409; maps for 3 different 

motion amplitudes. The lesion movement cannot be modeled correctly for 
IACT201 U in motion= 4 cm (red arrow). 
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Fig. 3. (a) & (c) Different attenuation maps for AC and their 0.9 
corresponding PET reconstructed images (b) & (d) for respiratory motion= 2 
cm. The yellow line indicates the position of the image profile. Significant 
misalignment artifacts were observed for the PET images using HCTs for AC n.R 
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Fig. 4. Top row: different noisy attenuation maps for AC. Bottom row: 

their corresponding PET reconstructed images from noisy sinogram with 100 
updates for maximum respiratory motion of 2 cm. Significant misalignment 
artifacts were observed for the PET images using HCTs for AC (red arrows) .. 
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Fig. 7. Noise-free results of (a) NMSE, (b) M[ and (c) TBR for respiratory 
motion of 3 cm. 

IV. DlSCUSS[ON 

One limitation for our study is that the HCT we simulated 
represented a free-breathing state, i.e. the CT acquired when 
the patients did not take any breath-hold. Thus, one can infer 
that the improvement of IACT as compared to realistic breath­
hold HCT would be more significant. Among HCTs, HCT-5 
showed the best performance in this study, which matched 
with our predictions that mid-phase HCT is probably more 
similar to CACT as compared to conventional breath-hold 
CTs (HCT-l and HCT-8). However, quantitative indices 
generally showed that HCT-5 worked slightly inferior to the 
IACTs. Also, it is clinically difficult to assure that the HCT-5 
(mid-phase of the respiratory cycle) would be captured for the 
HCT acquisition. Different breathing patterns for CT 
acquisition in PETICT are now being explored, including 
normal-expiration breath-hold [10, 11] and deep-inspiration 
breath hold [12]. 

Our results showed that IACT method using 4 original 
phases (IACT409i) works well for maximum breathing motion 
amplitude of 4 cm, covering �95% of patients [7]. Though the 
IACT method using 2 original phases (IACT2011i) works well 
for motion amplitude of �3 cm, it stills cover �90% of the 
clinical patients [7]. Our previous work suggested generating 
the IACT using just the free breathing end-expiration and end­
inspiration phases, i.e. 2 phases, to minimize the dose. It may 
also be feasible to achieve the same dose reduction with 
improved image quality using more phases for interpolation 
by reducing the dose for each phase, as our current study hints 
that IACT409i works well for larger motion amplitude and 
more closely mimics CACT. 

V. CONCLUSIONS 

In this study, we have evaluated and analyzed the 
effectiveness of fACT as compared to CACT and HCT using 
simulations. We concluded that fACT is a robust, accurate low 
dose alternate to CACT and works well for a large range of 
respiratory motion amplitudes. Further optimization of fACT 
protocol with the consideration of dose reduction is warranted. 
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