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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 of 2 cm, 3 cm and 4 cm respiratory motions. The respiratory cycle was divided into 13 phases, with average activity and attenuation maps to represent 18F-FDG distributions with average respiratory motions and CACT respectively.  The end-inspiration, end-expiration and the mid-respiratory phases of the XCAT attenuation maps represented 3 different helical CTs (HCT-1, HCT-5 and HCT-8). The IACTs were generated using: (a) 2 extreme + 11 interpolated phases (IACT2o); (b) 2 phases right after the extreme phases + 11 interpolated phases (IACT2s); (c) 4 original + 9 interpolated phases (IACT4o). 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) and TBR were analyzed. The PET reconstructed images with AC using CACT showed least difference as compared to the original phantom, followed by IACT4o, IACT2o, IACT2s, HCT-5 and HCT-8 and HCT-1. Significant artifacts were observed in the reconstructed images using HCTs for AC. The MI differences between IACT2o and IACT4o/CACT were <0.41% and <2.17% respectively. With a slight misplacement of the two extreme phases, IACT2s was still comparable to IACT2o with MI difference of <2.23%. The IACT is a robust and accurate low dose alternate to CACT.
Index Terms – PET/CT, respiratory artifacts, attenuation correction, simulations.  
I. INTRODUCTION

espiratory motion is generally considered the main problem in the CT-based attenuation correction (AC) in PET/CT. For conventional diagnostic CT, a 3D helical acquisition of the thoracic cavity is collected over a single full-inspiration breath-hold CT scan. When applied with the emission exam, the helical CT is usually applied during normal end-expiration breath-hold or shallow free breathing state 1[]
. 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 misalignments between the PET and CT data 
 ADDIN EN.CITE 
[2]
. Erdi et al. 3[]
 examined PET/CT images of 5 lung carcinoma patients with multiple lesions, and showed that spatial mismatch resulted in up to a 30% error in the standardized uptake value (SUV) of the lesions. Also, phantom studies showed the effect of motion could result in as much as 75% underestimation of the maximum activity concentrations 4[]
. These distortions may lead to inaccurate localization of tumors and hence potential misdiagnoses 5[, 6]
.
Various techniques have been developed to mitigate the PET/CT misalignments and improve the quantitative accuracy, and gated 4-dimensional (4D) PET/CT is one of the growing research areas 
 ADDIN EN.CITE 
[7, 8]
. Nehmeh et al. spatially matched the 4D CT data with the gated PET images according to the externally monitored breathing signal and showed improved lesion registration 
 ADDIN EN.CITE 
[9]
, with the cost of increasing CT radiation dose. McQuaid et al. proposed aligning a single CT with each gated frame of PET via a statistical shape model of the diaphragm and a rigid registration of the heart to improve quantitative accuracy 10[]
. Similar investigation was also proposed by Wells et al 
 ADDIN EN.CITE 
[11]
. Liu et al. developed a quiescent period gating method to utilize the end-expiration quiescent phase of PET data to match with the end-expiration CT 
 ADDIN EN.CITE 
[12]
. Some investigators incorporated motion estimation into the iterative reconstruction process to lower image noise of a gated PET frame which had lower counts 
 ADDIN EN.CITE 
[13, 14]
. Lamare et al. integrated elastic motion correction into the system matrix in the PET reconstruction process 15[]
. Grotus et al. introduced the 4D joint-estimation algorithm to form a new 4D-OS-EM reconstruction method for gated PET images 
 ADDIN EN.CITE 
[16]
. 
Besides 4D PET/CT, other CT protocol based methods were also used to address the misalignment artifacts. Lagerwaard et al. introduced slow CT and Nye et al. suggested low-pitch CT for AC 
 ADDIN EN.CITE 
[17, 18]
, with the same intention to lengthen the CT acquisition in order to capture the average respiratory position of the thoracic cavity as in PET. 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 
 ADDIN EN.CITE 
[14, 19, 20]
 as compared to the conventional helical CT (HCT), while Alessio et al. suggested that the intensity-maximum cine image gave more impressive and robust results as compared to CACT 21[]
. Efforts have been addressed to reduce the radiation exposure for CACT such as lowering tube currents 
 ADDIN EN.CITE 
[22, 23]
 and modifying the acquisition protocol 
 ADDIN EN.CITE 
[24]
. A detailed review regarding different PET/CT respiratory artifacts reduction methods were published by the authors 25[]
.   
Previously we have developed a new interpolated average CT (IACT) method, potentially generated from averaging the free-breathing end-expiration, end-inspiration, and interpolated phases obtained using deformable image registration, as a low dose alternate to CACT for AC in PET/CT 26[]
. We have demonstrated its clinical merits on 6 oncologic patients and also potential application in cardiology 27[]
. That was a patient study and PET images using CACT for AC were used as the gold standard, while the “true” PET activity distributions were not available for comparison. 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. 1a) that realistically models the anatomy, activity distribution of a male patient injected with 18F-FDG, and the respiratory motions. We used an analytical projector and OS-EM reconstruction algorithm provided by STIR (Software for Tomographic Image Reconstruction) 28[]
, that modeled a GE Discovery STE PET scanner.  The respiratory cycle was divided into 13 phases (Fig. 1b) starting from the end-inspiration phase to the next inhalation. Three maximum respiratory diaphragm motions of 2 cm, 3 cm and 4 cm were modeled in the phantoms (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 and close to the diaphragm, where the respiratory motion is more prominent 
 ADDIN EN.CITE 
[29]
. Photon scattering and random coincidence were not modeled in this study since we were focusing on AC only.
The average of the 13 phases of the phantom activity distributions was used to generate the noise-free sinogram to simulate average of a respiratory cycle. Noisy data were then generated by adding Poisson noise based on a count level of ~9.5 M, representing 20 mins whole body PET acquisition. Three bed positions were simulated to cover the whole thoracic region in PET. For noise-free data, the CACT was represented by an average of the 13 phases of the phantom attenuation maps. The HCT, which is usually a snapshot of a respiration cycle, was generated for phase #1 (end-inspiration phase), #5 (mid-respiratory phase) and #8 (end-expiration phase) of the respiration cycle, respectively, to represent the possible HCT attenuation maps (HCT-1, HCT-5 and HCT-8). For IACT, velocity matrix was obtained between the 2 original extreme phases, i.e., end-inspiration (phase #1) and end-expiration (phase #8) of the attenuation maps, via deformable image registration to generate the interpolated phases. The IACT was then generated by averaging the 2 original attenuation maps of the extreme phases, the interpolated phases and the next end-inspiration phase. Three different IACTs were simulated: (1). 2 original extreme phases + 10 interpolated phases (IACT2o), (2) 2 original phases right after the end-inspiration and end-expiration phases + 10 interpolated phases (IACT2s); and (3) 4 original phases (2 extreme and 2 mid-respiratory phases) + 8 interpolated phases (IACT4o). The IACT2s represented the slight mis-capturing, i.e., “shifted version”, of the 2 extreme phases, which might happen in the real clinical situation. For noisy CT data, CT projections were generated from different AC maps using an analytical projector and then added with Gaussian noise, which was based on the standard deviation of a region-of-interest (ROI) drawn in the liver region in the clinical CT patient data 26[]
. The projections were reconstructed with filtered back-projection method to get the reconstructed CT images with similar noise level as in the clinical CT data for further AC in PET.
The optical flow method (OFM), a deformable image registration algorithm based on image intensity gradient, 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. This algorithm was derived based on two main assumptions: (i) the intensity of a point in the image does not change with time and (ii) nearby points in the image move with a similar pattern 
 ADDIN EN.CITE 
[30, 31]
. 
The OFM calculation was as follows 32[]
:
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 (1)
where n is the number of iterations, υ(n) is the average velocity driven from the  surrounding voxels, f(x, y, z, t) is the differentiable image intensity at position (x, y, z) at time t, and αis the weighting factor with empirical value of 5. The set of recursive equations given in (1) are applied to the selected original phases of the simulated CT using a multi-resolution approach to estimate the displacement field 
 ADDIN EN.CITE 
[33]
. The OFM was used to generate the displacement field between the original noise-free and noisy end-inspiration and end-expiration phases, which were modeled based on a single phase of the clinical cine CT data.  The total motion displacement field for each voxel in the forward motion map is equally spaced into seven intervals, leading to six sets of interpolated CT images as the mid-phases from inspiration to expiration. Similarly, the backward motion map is used to calculate the four mid-phases from expiration to inspiration (Fig. 1b). The two original, the ten interpolated phases, plus the next identical end-inhalation phase compose a complete respiratory cycle. These 13 phases are averaged to generate the IACT2o.
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                    (a)                                                           (b)

Fig. 1.  (a) The XCAT phantom and (b) the respiratory cycle was divided into 13 phases (2 cm maximum diaphragm motion was shown here). 
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    (a)                                   (b)                                 (c)
Fig. 2.  The average noise-free activity maps showing (a) 2 cm, (b) 3 cm and (c) 4 cm 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 based on visual assessment and analyzed in terms of the following figures-of-merit (FOMs):
(a) Normalized mean square error (NMSE)
The whole reconstructed volume was used to assess the average NMSE as compared to the original phantom. 
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where m is the number of voxels in the whole reconstructed volume, λis the voxel count value in the original phantom, 
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 is the mean voxel value of the original phantom, x is the voxel count value in the noise free and noisy reconstructed images, 
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is the mean voxel value of the reconstructed images and j is the voxel index. 
(b) Mutual information (MI)

The normalized MI (I(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 IACTs/HCTs/CACT and the original phantom: 
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where X and Y are two random variables, i.e., two different images, P(X) is the histogram of X, P(Y) is the histogram of Y and P(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: 
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(d)  Contrast and noise

We measured the average voxel value of the lesion as Alesion and average voxel value in the lung as Alung in the noise-free reconstructed images. The lesion contrast was defined as
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The noise level was measured by the normalized standard deviation (NSD) of the voxels in an approximately uniform ROI within the mid-lung region with a total number of 78 voxels. The NSD of the 3D ROI was calculated by dividing the standard deviation (SD) of the ROI by the ROI mean, where m is the number of voxels in the ROI, μis the mean voxel value of the ROI, x is the voxel count value in the noisy reconstructed images, and j is the voxel index. 
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(e) Image profile
A vertical profile was drawn across the lesion and the adjacent diaphragm area to indicate the potential lesion detectability (Fig. 3c).  
III. results
From visual assessment, the IACTs modeled the respiratory motions similarly to the CACT (Fig. 3a). The reconstructed PET images with AC using CACT and IACT showed no significant artifacts as compared to the original phantom (Fig. 2a, 3b & 4). Significant artifacts were observed in the PET reconstructed images using HCTs for AC in both noise-free and noisy data (Fig. 3d & 4). The lesion volume and uptake was more prominent for PET reconstructed images using HCT-8 for AC, though artifacts were still observed near the diaphragm region.  For IACT2o, the lesion movement cannot be modeled exactly for motion amplitude of 4 cm while it can be modeled for all motion amplitudes for IACT4o (Fig. 5). The quantitative FOMs of NMSE and MI showed that HCT-1 and HCT-8 had the worst performances for motion amplitudes of 2 cm (Fig. 6, 7, 9). As expected, reconstructed images using AC with CACT had least difference as compared to the original phantom, following by IACT4o, IACT2o, IACT2s and HCT-5.  Our results showed that IACT2o provided similar accuracy as compared to IACT4o 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 IACT2s still showed comparable accuracy to IACT2o with MI difference of <2.23%. Noise-free (Fig. 6-7) and noisy simulations (Fig. 10-11) had accordant results, no matter the noisy IACTs were obtained from noise-free or noisy phases. For the TBR results, AC with HCT-1 showed inferior results as compared to others (Fig. 8), as also indicated by visual assessment (Fig. 3d). IACTs performed similarly as compared with CACT for AC in terms of TBR (Fig. 8), while HCT-8 showed higher TBR as compared to others. Image profiles results are also accordant with visual assessment that HCT-8 and HCT-5 provides better lesion detectability as compared to others but they caused artifactual increase of diaphragmatic uptake near the liver (Fig. 9). Fig. 12 showed the relationship between lesion contrast and NSD for different AC schemes. The points on the curves represented number of updates, increasing from the left to the right side for OS-EM algorithm. The bottom right region indicated better image quality, i.e., lower noise and higher contrast. The HCT-1 clearly showed inferior noise-contrast trade-off among the 4 curves. A summary of the noise-free results for motion amplitude of 2 cm, 3 cm and 4 cm of 300 updates was shown in Table I. 
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—rw-r-—r-- 1 greta dmip
store done —rw-r-—r-- 1 greta dmip
map window 0 —rw-r-—r-- 1 greta dmip
X connection to localhost:91.0 broken (explicit kill or server shutdown) . —rw-r-—r-- 1 greta dmip
—rw-r-—r-- 1 greta dmip
[ Exic1 Xdisp -d 1 -3 64 64 -f £ R 1 *.in —rw-r-—r-- 1 greta dmip
[gretaBamipd 2011]$ xd -d 1 -3 64 64 —f -R 1 *.in & —rw-r-—r-- 1 greta dmip
[1] 29207 —rw-r-—r-- 1 greta dmip
[gretafanip0 2011]5 —rw-r-—r-- 1 greta dmip
Electric Fence 2.2.0 Copyright (C) 1987-1999 Bruce Perens <bruce@perens.com> —rw-r-—r-- 1 greta dmip
xsetup done —rw-r-—r-- 1 greta dmip
starc atore 1 greta dmip
1 greta dmip
store done 1 greta dmip
map window 0 1 greta dmip

X connection to localhost:

1.0 broken (explicit kill or server shutdown) . {grevainipd
{gretainip

[ Exc1 Xdisp d 1 -3 6464 f R 1 %.im total 21224
[gretaganip0 201114 total_2cm_atn_av.s.im 2+.in toval 2 [l -rw-r-—r—- 1
cnatn_2.5.im & drwxe-xr-x 2
{17 25231 arvxzxe—x 2
[gretabanipd 2011]5 arvxzxe—x 2
Electric Fence 2.2.0 Copyright (C) 1987-1999 Bruce Perens <brucefperens.com> (Bl drwxr—xr—x 2
arvxzxe—x 2
2

a

1

1

1

[gretafamip 201115 xsetup done drz—xr—x
starc atore

store done
map window 0
[gretafanip0

IACT2cm29]5 cd ..

2em5 1

greta dmip
greta dmip
greta dmip
greta dmip
greta dmip
greta dmip
greta dmip
greta dmip
greta dmip
greta dmip
greta dmip

2emls xd -d 1 -s 64 64
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7217330

Yay
Yay
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Yay
Yay
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Yay
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Yay
Yay
Yay
Yay
Yay
Yay
Yay

Yay
Yay
Yay
Yay
Yay
Yay
Yay
Yay
Yay
Yay
ay

- -/CACT/CACT_30.im

Xdisp -d 1 -f -E -3 64 64 IACT18_30.im ../H
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IACT29 20.s3q8.1m
IACT29_20.sub.im
IACT29 2.im
IACT29 2.5.1m
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by_act_av.in
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  HCT-1                              HCT-5                               HCT-8
Fig. 3.  (a) & (c) Different attenuation maps for AC and their corresponding PET reconstructed images (b) & (d) for respiratory motion = 2 cm.  Significant misalignment artifacts were observed for the PET images using HCTs for AC (red arrows).
[image: image16.png]



[image: image17.png]



          CACT                    HCT-1                                  IACT2o                               IACT4o
Fig. 4. Top row: different noisy attenuation maps for AC. Bottom row:  their corresponding PET reconstructed images from noisy sinogram with 100 updates and Butterworth filtering with cutoff frequency of 0.21 pixel-1  for maximum respiratory motion of 2 cm. Significant misalignment artifacts were observed for the PET images using HCTs for AC (red arrows).
[image: image18.png]—— p—— —— p——

A A Ay




2 cm                  3 cm                    4 cm 
Fig. 5.  Top row: IACT2o and bottom row: IACT4o maps for 3 different motion amplitudes. The lesion movement cannot be modeled exactly for IACT2o in motion = 4 cm (red arrow).
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Fig. 6.  Noise-free results of NMSE for respiratory motion of 2 cm.
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Fig. 7.  Noise-free results of MI for respiratory motion of 2 cm.
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Fig. 8.  Noise-free results of TBR for respiratory motion of 2 cm.
[image: image22.png]9000
8000
7000
6000
5000
4000

intensity

3000
2000
1000

Lesion area
20 40 60 80 100

pixel number





Fig. 9.  Noise-free results of image profiles for respiratory motion of 2 cm. 
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Fig. 10.  Noisy results of NMSE for respiratory motion of 2 cm. Dotted lines (IACT-2o_noise) are the results for noisy IACT2othat generated from 2 noisy single CT phases. 
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Fig. 11.  Noisy results of MI for respiratory motion of 2 cm. Dotted lines (IACT-2o_noise) are the results for noisy IACT2o that generated from 2 noisy single CT phases. 
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Fig. 12.  Image noise level as a function of lesion contrast for different AC schemes for respiratory motion of 2 cm.
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Table I. Summary of the noise-free results of different CT AC methods at 300 updates. 

	Motion amplitude
	FOM
	CACT
	HCT_1
	HCT_5
	HCT_8
	IACT_2o
	IACT_2s
	IACT_4o

	2 cm
	NMSE
	0.085
	0.140
	0.094
	0.139
	0.088
	0.086
	0.093

	
	MI
	1.256
	1.118
	1.218
	1.161
	1.229
	1.234
	1.201

	
	TBR
	3.040
	2.748
	3.118
	3.838
	3.149
	3.149
	3.051

	3 cm
	NMSE
	0.084
	0.173
	0.108
	0.182
	0.089
	0.083
	0.084

	
	MI
	1.218
	1.036
	1.160
	1.086
	1.176
	1.210
	1.193

	
	TBR
	2.477
	2.427
	2.410
	3.439
	2.622
	2.513
	2.495

	4 cm
	NMSE
	0.078
	0.204
	0.120
	0.222
	0.090
	0.082
	0.089

	
	MI
	1.324
	1.085
	1.228
	1.153
	1.247
	1.303
	1.241

	
	TBR
	2.089
	2.094
	1.955
	2.988
	1.851
	2.055
	1.708


IV. discussion
One limitation for our study is that the HCTs we simulated using XCAT phantom represented a snap shot of 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. However, the use of the free-breathing extreme phases was suitable for generating IACT in this simulation study. For the general global measurement of image quality, FOMs such as NMSE and MI (Fig. 6, 7, Table I), HCT-5 showed the best performance among HCTs in this study, which matched with our predictions that mid-phase HCT is probably more similar to CACT as compared to breath-hold CTs (HCT-1 and HCT-8). However, HCT-5 still worked slightly inferior to the IACTs quantitatively. Also, it is clinically difficult to assure that the HCT-5, i.e., mid-phase of the respiratory cycle, would be captured for the HCT acquisition, as it is difficult for patients to hold their breath during the mid-respiratory phases. The NMSE and MI results were generally in accordant. On the other hand, for the FOM more related to lesion detection such as TBR and image profile, HCT-8/HCT-5 showed even better performance as compared to CACT for AC (Fig. 8, 9), probably due to the fact that HCT-8 coincidently captured the lesion with its full size in this case. The advantage of HCT-8 for AC may cease for lesions located at other regions of the thorax, as indicated by the NMSE and MI results. Moreover, noise-contrast trade-off has been validated to correlate well with task-based observer study 
 ADDIN EN.CITE 
[34]
, and HCT-1 showed the worst lesion detectability in all detection related FOMs, matched with the visual assessment that the diaphragm mismatch artifacts blurred out the lesion and caused the uptake underestimation. Different breathing patterns for CT acquisition in PET/CT were investigated, including normal-expiration breath-hold 
 ADDIN EN.CITE 
[35, 36]
, i.e., similar to HCT-8 in this study, and deep-inspiration breath hold (DIBH) PET/CT 
 ADDIN EN.CITE 
[37, 38]
. 
In order to reduce data redundancy, we just simulated the noise based on the clinical data for CACT, HCT-1, IACT2o and IACT4o (Fig. 6e-f), as HCT-5 and HCT-8 should have the similar noise level as compared to HCT-1 and IACT2s should have the similar noise level as compared to IACT2o in the noisy CT simulations. The noisy simulation results for a motion of 3 cm were accordant with those of the motion of 2 cm and were not shown here. Generating IACTs using noisy CT phases was a more realistic representation for the clinical data with higher noise and lower radiation dose. However, we compared the noisy IACTs generated by noisy respiratory phases (IACT-2o_noise) and noise-free phases (IACT-2o), i.e., noise directly modeled on the resultant IACT based on the clinical IACT data. Their results were similar, indicating that the noise level on the realistic single CT phase did not significantly affect the OFM calculation in this study (Fig. 10-11). Our preliminary study applying the IACT on real clinical patients also demonstrated improved AC results with ~87% dose reduction while using the realistic noisy phases for motion modeling and interpolation [41].
Our results showed that IACT method using 4 original phases (IACT4o) worked well for maximum breathing motion amplitude of 4 cm. Although  the IACT method using 2 original phases (IACT2o) did not model the lesion movement of 4 cm in this particular phantom (Fig. 4), the global quantitative FOMs still showed similar image quality improvement of IACT as compared to HCTs for motion amplitudes of 2 cm, 3 cm and 4 cm (Table I). A clinical study with ~100 patients showed that ~90% of the clinical patients had ≦3 cm respiratory motion amplitude and ~95% of patients had≦4 cm motion 
 ADDIN EN.CITE 
[19]
, indicating the IACT method should work well for most of the patients. Besides, slight time errors may exist for capturing these two extreme phases in the real clinical situations. However, our results of IACT2s, i.e., with “shifted” end-inspiration and end-expiration phases for interpolation, were very similar to IACT2o, indicating the robustness of this method. Our previous work suggested that using the average of 2 extreme phases for AC generally showed inferior performance as compared to the IACT methods, probably attributed to the improved respiratory motion modeling using the OFM approach 26[]
. Generating the IACT using just the end-expiration and end–inspiration phases would have the minimal dose. It may also be feasible to achieve the same dose reduction of using only two original phases for interpolation with improved image quality by using more phases for interpolation and reducing the dose for each phase at the same time, as our current study hints that IACT4o works well for larger motion amplitude and more closely mimics CACT. However, capturing multiple phases during a respiratory cycle may not be feasible in clinical practice with the considerations of x-ray beam on/off delay. 
 Hamill et al. showed that smaller lesions were more affected by the respiratory motion blurring. i.e., quantitation of 20 mm tumors was still feasible for conventional PET/CT protocol when the motion is less than 15 mm, while 10 mm tumors were more significantly blurred and their SUV values were more underestimated than those of the 20 mm tumors. Tumors with 30 mm diameter were blurred less 39[]
. Another study showed that the underestimation of the activity concentration in the sphere phantoms can reach 75% for the standard clinical protocol, depending on the spherical sizes 4[]
. Our results showed that the IACT method works for a 25 mm lesion for motion amplitude of ~3 cm. We are currently investigating the effects of lesion sizes, lesion uptake ratios and lesion locations on the proposed methods and preliminary results showed that smaller lesions with lower TBR would be more challenging to model for IACT. 
The two extreme phases used for IACT cannot be obtained via patients’ voluntary breath-holding, as they would be very different from the free-breathing state as in the PET and would generate respiratory artifacts. Thus, the clinical realization of the IACT technique highly relies on the implementation of the active breathing control (ABC) device to ensure the captured respiratory phases represent a free-breathing state of the patients 40[]
. An associated hardware and acquisition software have been developed for a preliminary PET/CT study on patients 41[]
.
V. conclusions
In this study, we have evaluated and analyzed the effectiveness of IACT as compared to CACT and HCT using simulations with ground truth. We concluded that IACT is a robust, accurate low dose alternate to CACT and works well for a large range of respiratory motion amplitudes. Further optimization of IACT protocol with the consideration of dose reduction and actual clinical implementation of IACT using ABC are warranted.
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