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A B S T R A C T   

Purpose: Software-based data-driven gated (DDG) positron emission tomography/computed tomography (PET/ 
CT) has replaced hardware-based 4D PET/CT. The purpose of this article was to review DDG PET/CT, which 
could improve the accuracy of treatment response assessment, tumor motion evaluation, and target tumor 
contouring with whole-body (WB) PET/CT for radiotherapy (RT). 
Material and methods: This review covered the topics of 4D PET/CT with hardware gating, advancements in PET 
instrumentation, DDG PET, DDG CT, and DDG PET/CT based on a systematic literature review. It included a 
discussion of the large axial field-of-view (AFOV) PET detector and a review of the clinical results of DDG PET 
and DDG PET/CT. 
Results: DDG PET matched or outperformed 4D PET with hardware gating. DDG CT was more compatible with 
DDG PET than 4D CT, which required hardware gating. DDG CT could replace 4D CT for RT. DDG PET and DDG 
CT for DDG PET/CT can be incorporated in a WB PET/CT of less than 15 min scan time on a PET/CT scanner of at 
least 25 cm AFOV PET detector. 
Conclusions: DDG PET/CT could correct the misregistration and tumor motion artifacts in a WB PET/CT and 
provide the quantitative PET and tumor motion information of a registered PET/CT for RT.   

1. Introduction 

Whole-body (WB) positron emission tomography/computed tomog
raphy (PET/CT) is a comprehensive technology for structural, func
tional, and molecular phenotyping of cancer at the WB level. It is a 
standard imaging tool for managing cancer patients for surgery, radio
therapy (RT), chemotherapy, or a combination of these treatments [1]. 
The most used radiotracer is 18F-Fluorodeoxyglucose (18F-FDG), a 
marker for neoplastic cells’ glucose avidity [2]. WB PET/CT changed 
patient management in more than 30 % of all cancer patients and 
distinguished between neoplastic and normal tissues more accurately 
than CT or magnetic resonance imaging [1,3,4]. 

Unlike CT data, which are normally acquired over a single organ at 
breath hold (BH), WB PET/CT data is normally taken at free breathing 
(FB) due to the limited geometric sensitivity of the PET scanner, which 
requires minutes of data acquisition, and the suggestion of maintaining a 
similar breathing condition for PET and CT [5]. Effective mitigation of 
image blurring caused by respiratory motion is critical to preserve 3–5 

mm PET spatial resolution [6]. The other degradation by respiratory 
motion is misregistration between PET and CT [7]. Issues related to 
misregistration between slow PET and fast CT, and motion blur in PET 
images have been actively researched since the first commercial PET/CT 
in 2000 [8]. 

Misregistration could mistake a true positive for a false negative 
response [9]. It could also induce artifactual myocardial defects in 40 % 
of cardiac PET/CT imaging [10]. Using average CT over one respiratory 
cycle is an effective solution to improve the registration of CT and PET 
[11]. However, average CT may not register well with gated PET and 
was shown to be negatively impacted by irregular respiration [12]. BH 
at normal expiration during CT acquisition could improve the registra
tion between CT and PET [13]. However, this typically requires 
coaching the patient to BH with a respiratory monitoring device (RMD), 
which is inconvenient to perform in a clinical setting [14]. 

The extent of PET quantitation errors in the region of misregistration 
depends on the degree of misregistration between PET and CT and the 
distribution of radiotracer surrounding the misregistration area [15]. 
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Without any correction of respiratory motion or misregistration arti
facts, clinical trials of patients with advanced non-small cell lung cancer 
suggested that for lesions greater than 2 cm in size and with maximum 
standardized uptake value (SUVmax) greater than 4.0, changes in tumor 
18F-FDG uptake had to be more than 40 % to reflect metabolic response 
or metabolic progression [16]. This 40 % uncertainty could be poten
tially reduced by the corrections of tumor motion and misregistration 
artifacts. 

4D CT and 4D PET/CT (attenuation correction of 4D PET by 4D CT) 
were proposed as a solution to manage the issues related to respiratory 
motion in FB CT and FB PET/CT imaging, respectively [17,18]. 4D CT is 
designed to image tumor motion in RT, while 4D PET/CT is to mitigate 
the impact of tumor motion and to improve the quantification of 
radiotracer uptake in PET [17,18]. 4D CT can be performed with a cine 
CT or a low-pitch helical CT and has become a standard imaging pro
cedure for RT [19,20]. 4D PET/CT, on the other hand, has not been 
widely utilized due to its requirement of both 4D PET and 4D CT, 
complexity in implementation, and limited studies to suggest its clinical 
utility [16,21–23]. 

4D CT and 4D PET/CT studies rely on a respiratory monitoring de
vice (RMD) or surface tracking [18,19,24]. An RT session 4D CT nor
mally lasts around 30–45 min, with most of the time devoted to patient 
setup and immobilization [25]. A 4D PET/CT imaging may exceed 60 
min on a PET/CT scanner with a 15-cm axial field of view (AFOV) de
tector [18]. Active patient collaboration in maintaining regular and 
reproducible breathing is essential for the quality of 4D CT and 4D PET/ 
CT [26]. 

About 50 % of cancer patients receive RT during treatment [27]. 
Application of 4D PET/CT in RT is limited because patients typically 
receive their PET/CT scans for diagnostic imaging before they become 
candidates for RT, making additional PET/CT for RT unlikely. Addi
tionally, most PET/CT scanners are at facilities dedicated to diagnostic 
imaging, where patient throughput is critical. It will be desirable to 
make every WB PET/CT free of misregistration and motion artifacts 
without an RMD to benefit RT [12,28–31]. The purpose of this article 
was to review DDG PET/CT, which could improve the accuracy of 
treatment response assessment, and supplement 4D CT or potentially 
replace 4D CT for the management of tumor motion in RT. 

2. Material and methods 

This review focused on DDG PET/CT advancements. The topics 
covered were state-of-the-art PET/CT, DDG PET, DDG CT, and DDG 
PET/CT. It included a discussion of the large AFOV PET detector and a 
review of the clinical results of DDG PET and DDG PET/CT. A search of 
PUBMED with the keywords ‘device-less PET’, ‘device-less CT’, ‘data- 
driven gated CT’, ‘data-driven gated PET’, ‘data-driven CT’, ‘data-driven 
PET’, ‘software gating’, ‘motion correction’, ‘motion estimation’, and 
‘respiratory gating’, on May 1, 2024, resulted in 80 articles excluding the 
articles for head motion or unrelated to PET. These articles were 
included in the review. Topics of PET/CT motion management for RT 
and respiratory gating of PET have been reviewed elsewhere [23,26,32]. 

3. Results 

3.1. State of the art PET/CT 

Modern PET/CT scanners were equipped with (1) 3D scanning to 
improve geometric sensitivity (cps/kBq, counts detected per second per 
kilo Becquerel of radioactive activity) [33]; (2) time-of-flight (TOF) to 
improve localization accuracy of the detected coincidence events in 
image reconstruction [34]; (3) silicon photomultiplier (SiPM) to 
improve the accuracy of position detection of the detected 511 keV 
photons [35]; (4) a large AFOV detector of at least 25 cm to improve 
geometric sensitivity [36–38]; and (5) DDG PET to enable respiratory 
gating for every PET scan without the hardware gating with an RMD or 

surface tracking [30,39]. 
For CT registration with DDG PET, all commercial systems required 

4D CT, which needs hardware gating with an RMD or surface tracking 
[19,20]. This combination of 4D CT and DDG PET made patient prep
aration and scanning challenging and motivated the development of a 
new DDG CT [12,31]. 

3.2. Data-driven gated PET 

DDG PET, which gates PET data based on a respiratory signal 
extracted from a series of dynamic PET data of either image, sinogram, 
or list mode data was a promising technique for improving PET quan
tification. It normally required noise reduction and a strategy of 
retaining the dominant breathing frequency of a respiratory signal. For 
automation, the periodicity of respiratory motion was measured as a 
parameter for the initiation of DDG PET. In addition to coincidence 
events, singles were also used for fast respiratory motion detection [40]. 

3.2.1. Center of mass (CM) 
The technique was first proposed to detect respiratory motion in list 

mode PET data where the contrast of tracer to background is high [41]. 
The axial or superior–inferior component of the sinogram CM of the 
radiotracer every 0.5 s was calculated to serve as an indicator of motion. 
This method did not require the reconstruction of images and could be 
applied to motion detection at a fine temporal scale. The radiotracer 
distribution should remain fairly constant throughout the PET acquisi
tion [41]. A respiratory signal was also derived by analyzing the CM of a 
region of interest (ROI) in dynamic PET images or following the CM in a 
targeted tumor [42–44]. TOF information could be incorporated to 
reduce contributions from the stationary background and to improve the 
CM calculation [45]. 

For the derivation of a respiratory signal, the ROI was extended to an 
entire AFOV for the total counts based on the property of geometric 
sensitivity, highest in the middle and lowest at the edge of the AFOV 
[46]. Respiratory motions in the superior-inferior and anterior-posterior 
directions were determined by computing the centroid of distribution 
(COD) of all coincidence events during each short time frame. Activity in 
and out of the AFOV introduced some uncertainty to this method 
[46,47]. The approach could also be enhanced by TOF information [48]. 

An adaptive CM approach of incorporating TOF information was 
proposed for automatic ROI selection to produce a prominent respira
tory signal in the axial direction [28]. This approach calculated the 
centroid of an ROI that only contains regions with a large motion or a 
high tracer uptake and avoided manual selection of an ROI. It obtained 
the respiratory signal with the highest signal prominence, a ratio of the 
mean energy of the signal inside a respiratory frequency range to the 
mean energy of the noise outside the respiratory frequency range, over 
many ROIs [49]. This approach was not effective if there was a limited 
radiotracer uptake in the AFOV and could be improved with a larger 
AFOV detector to cover a larger anatomy with more radiotracer uptake 
[28]. 

3.2.2. Time-activity curves (TAC) 
Respiratory motion was estimated by the time-activity curves (TAC) 

of the ROIs at the interface of the lungs with the chest walls or the 
diaphragm in dynamic PET images [50]. This was achieved by placing 
an ROI in such a way that the organ of interest was inside the ROI during 
a part of the motion cycle, while during the other part of the cycle, it was 
outside. This ensured that the maximum amount of signal was captured, 
and the resulting TAC was accurate. The frequency of respiration was 
estimated by the Fourier transform of the respiratory signal [50]. 

A fully automated method based on the TAC of each voxel in the 
image data was also proposed [51]. Five hundred voxels with the highest 
cranial-caudal activity gradient (difference between adjacent voxels 
along the axial direction), normally at the edges of the radiotracer ac
tivity in the images, were selected to cumulatively “grow” or combine 
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the TAC at many voxels into a global respiratory signal over 500 itera
tions. A quality factor was introduced to suggest confidence in the res
piratory signal for gating [51,52]. To avoid lengthy image 
reconstruction time, this approach was later applied to the TAC of ROIs 
in sinogram data [39]. 

3.2.3. Spectral analysis 
In spectral analysis, the sinogram data were smoothed, Fourier 

transformed to the power spectrum and threshold at each pixel location 
with a spectral window for identification of a potential frequency of 
respiration [29]. This calculation was applied to all angles of the sino
gram data to determine the most dominant frequency component of 
respiration. Pixels whose frequency values were close to the most 
dominant frequency were used to define a binary mask to eliminate the 
pixels that were not subject to respiratory motion. The total counts 
within the regions in the mask varied proportionally with the 
displacement of an edge moving within the mask. This approach was 
extended from sinogram to image space, where the TOF information was 
used to backproject coincidence events into their most probable voxels. 
Similar to the sinogram approach of the same method, it also masked 
and removed voxels not affected by the respiratory motion [53]. This 
approach has also been extended to PET/CT scanners of continuous bed 
motion, whose patient table position changed continuously during data 
acquisition [53]. 

3.2.4. Principal components analysis (PCA) 
This approach calculated the weighting factors of the first three 

principal components in the sinogram over time, and the weighting 
factors were Fourier transformed for the peak frequency value within 
the 0.1–0.4 Hz range, corresponding to a breathing cycle of 2.5–10 s. 
The respiratory signal in the frequency domain was converted to the 
time domain. A peak detection algorithm was applied to derive the end- 
inspiration (EI) phases for gating. The ratio of the peak frequency value 
within 0.1–0.4 Hz to the mean frequency value outside 0.1–0.4 Hz was 
defined as the strength of the respiratory signal. Respiratory gating was 
activated prospectively once the ratio exceeded a set threshold during 
data acquisition or activated retrospectively after data acquisition [30]. 
This approach was validated with hardware gating [54]. PCA was less 
impacted by noisy data than spectral analysis or COD [55]. PCA also had 
a higher correlation with external gated signals than COD [56]. 

Principal components are a linear combination of the original vari
ables that maximally explain the variance of all the variables. PCA 
sorted the data variance into major features on the leading dimensions 
and random noise on the minor dimensions [57]. To extract useful 
features from a non-linear space, an unsupervised deep-learning clus
tering network was proposed that employed an autoencoder to extract 
latent features from short-time frame images without attenuation, 
scatter, or randoms corrections, followed by K-means clustering of the 
latent features for respiratory gating [58]. 

3.2.5. Phase determination in DDG PET 
Phase determination is important when the respiratory signals from 

multiple bed positions of PET data are combined for the reconstruction 
of DDG PET also from multiple bed positions to register with CT data. 
Many methods provided signals whose direction related to the physical 
motion was uncertain, i.e., their sign was arbitrary, therefore a 
maximum in the signal could refer to either EI or end-expiration (EE) 
phase, which could cause inaccurate motion correction [59]. 

As most internal organs move in the superior-inferior direction 
during respiration, the sagittal and coronal maximum intensity projec
tion (MIP) images of the gated reconstructions were reduced in dimen
sion and registered in 1-D. The respiratory phases were represented by 
the temporal changes or displacements to the averaged 1-D signal [59]. 
Gradients calculated in the axial direction of the sinogram represented 
weights in the direction of motion. An increase in the weights corre
sponded to motion toward the head or an expiratory phase. In contrast, a 

decrease corresponded to motion toward the feet or an inspiratory 
phase. The magnitude of weight became the amplitude of a respiratory 
signal [60]. Properties of expiration longer than inspiration in a respi
ratory cycle and a relatively consistent pattern of respiration were used 
to ensure the integrity of a respiratory signal in phase determination 
[28]. 

3.3. Large AFOV detector and DDG PET 

The performance of DDG PET is improved by a large AFOV detector 
of at least 25 cm so that more data is collected in a shorter acquisition 
time as gating typically increases the noise of PET data. 

As an example, GE Discovery MI (DMI) of AFOV = 25 cm and GE 
Discovery 710 (D710) of AFOV = 15 cm (GE Healthcare, Waukesha, 
USA) were compared in Table 1 [38]. The improvements in geometric 
sensitivity and TOF timing resolution for AFOV = 25 cm vs AFOV = 15 
cm were 2.68 and 1.42 times, respectively [38]. Large geometric 
sensitivity, long scan time, and short TOF timing resolution all improved 
the signal-to-noise ratio (SNR) [61]. 

Reducing the scan time from 3 min/bed-position on D710 to 2 min/ 
bed-position on DMI still favored DMI for SNR by 1.59 times. As a result, 
DMI achieved a better image quality than D710 and completed a WB 
PET/CT of about 100 cm in 10 min for 5 bed-positions vs 21 min for 7 
bed-positions. 

High geometric sensitivity opened up BH imaging on PET. A deep 
inspiration breath hold (DIBH) of 4 × 18 s on the Siemens Vision Quadra 
scanner of 104 cm AFOV was proposed for mediastinal lymphoma pa
tients with pre-chemotherapy PET/CT to improve post-chemotherapy 
planning [62]. 

3.4. Clinical evaluations of DDG PET 

DDG PET matched or outperformed 4D PET and could be more easily 
integrated into the clinic than 4D PET. DDG PET was comparable or 
preferable to 4D PET in a study of 219 scans [63]. DDG PET out
performed 4D PET in 13 % of cases while the opposite was true in only 2 
%. Overall image quality of DDG PET was preferred over 4D PET and 4D 
PET had a higher failure rate than DDG PET in identifying the EI phases 
of the respiratory signal in a study of 144 patients [64]. A similar finding 
of comparable performance was reported in a study of 56 patients on a 
PET/CT scanner of continuous bed motion [53]. In a study of 200 pa
tients, physicians preferred DDG PET over static PET and DDG PET over 
4D PET [65]. 

Many patients are covered by a warm blanket in WB PET/CT for 
diagnostic imaging due to a low temperature setting in the scanner 
room, preventing optical surface tracking or direct contact between the 
patient’s skin and a gating device. Placing a strain gage sensor around 
the patient for respiratory gating was considered “moderate” to “diffi
cult” by the technologist in 27 % of patients and added 72 s of contact 
time between the patient and technologist [65]. Compared to 4D PET, 
DDG PET offered an improved workflow without any setup time and no 
additional radiation exposure to the technologist, who was required to 
place an RMD on the patient. 

Table 1 
Major performance parameters of D710 and DMIC.   

15 cm (D710) 25 cm (DMI) 

Scintillator material LYSO (PMT) LYSO (SiPM) 
Scintillator dimensions (mm3) 4.2 × 6.3 × 25 3.95 × 5.3 × 25 
Geometric Sensitivity (cps/kBq) 7.3 19.6 
Slices × Thickness (mm) 47 × 3.27 89 × 2.8 
Spatial resolution (mm)@1 cm 4.6 4.3 
Spatial resolution @10 cm 5.1 4.9 
Timing resolution (10− 12 s) 545 385 
Percent overlap between two beds 27.6 % (13 slices) 28.1 % (25 slices) 
Advancement per bed (cm) 11.8 17.9  
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DDG PET required additional scan time to reduce noise in PET im
ages due to gating [18]. In a study of 149 patients for cancer staging and 
restaging, in 85 % of the patient scans, at least one bed-position 
exceeded the threshold of gating and the scan time was doubled for 
DDG PET [66]. Overall image quality was comparable between static 
and DDG PET. Tumor blurring was reduced. The organ boundary of the 
liver or spleen became sharper with DDG PET. DDG PET also resulted in 
a change of report in 27 % of the cases and a change of clinical man
agement in 8 % of the cases. Overall scan time was increased by 4.4 min 
per patient on the GE DMI 25-cm AFOV scanner [66]. 

On the other hand, in a study of 45 lung or liver lesions from 27 
patients scanned for 12 min on a PET scanner of 15-cm AFOV, DDG PET 
of preserving 50 % data at 3 min/bed-position did not lead to inaccurate 
or biased SUVmax [67]. In another study of 40 patients who had at least 
one lung or liver lesion, there was no significant difference in clinical 
evaluation or quantification with SUVmean even when the injected ac
tivity was reduced to only 25 %, suggesting DDG PET was effective even 
with a regular scan protocol without an increase of scan time [68]. It was 
possible to combine various phases of DDG PET into a single phase of 
DDG PET by deformable image registration (DIR) to maintain the same 
noise level as the static PET without an increase in scan time [69]. 

Mitigation of misregistration between DDG PET and WB CT was 
attempted by asking the patient to deep expiration breath hold (DEBH) 
during CT acquisition. However, there was no difference between FB CT 
and DEBH CT for registration with DDG PET in a study of 147 patients 
[70]. Two patients were coached to BH at the EE phase for CT to match 
successfully with the gated PET data also at the EE phase. However, this 
approach required a technologist to place an RMD to coach patient BH at 
the EE phase [14]. 

3.5. DDG CT 

DDG CT could be derived from the cine CT data [19]. The time- 
summation curves of the CT numbers for self-gating were calculated in 

ROIs on the interfaces between the lung and the diaphragm or between 
the chest walls and the lungs [19]. This was similar to the use of TAC in 
DDG PET [50]. 

Alternative approaches included iteratively searching for consistent 
3D volumes over the cine CT images across cine CT scan positions [71], 
and tracking the four features of air content, lung region, lung density, 
and body region in the cine CT images and selecting the features based 
on spatial consistency between the signals across the cine CT scan po
sitions [72]. Adding features based on low-frequency components of the 
Fourier transform of the cine CT image and using a normalized cross 
correlation between features to select features at each CT scan position 
also showed promising results [73]. A normalized cross-correlation was 
maximized between images of adjacent and overlapped cine CT posi
tions as part of an image-based sorting algorithm [74]. GE’s D-4D used 
the same features of air content, lung region, lung density, and body 
region and modified certain parts of the process in an attempt to mini
mize the impact of artifacts from irregular respiration [75]. 

DDG CT has been developed solely on cine CT, one of the standard CT 
acquisition modes on the GE CT scanners. Both cine CT and low-pitch 
helical CT have been correlated with the breathing signal from RMD 
for 4D CT imaging in RT [19,20]. Unfortunately, low-pitch helical CT 
could not be separated from 4D CT to stand alone because its image 
reconstruction needs information of the EI phases of the respiratory 
signal [76]. 

A new DDG CT to realize DDG PET/CT in less than 15 min of scan 
time was proposed on a PET/CT scanner with a 25-cm AFOV detector 
[12,31]. The radiation dose of this DDG CT for a scan coverage of 15.4 
cm was 1.3 mSv [31], lower than the 5 mSv reported in an earlier 
implementation of DDG CT [29]. This radiation dose was less than 10 % 
of the radiation dose for 4D CT in RT [11,19,76]. In this new DDG CT 
(see Fig. 1), the lung regions and the body contours were segmented to 
calculate lung densities and to estimate the change of the body contours, 
respectively [12]. The CT images with the smallest and largest lung 
densities were labeled the EI and EE phases, respectively. In the images 

Fig. 1. Flow chart of a DDG CT. Cine CT images acquired over one breathing cycle are averaged for average CT and processed for DDG CT of EE and EI phases based 
on the CT numbers in the lungs and the changes in the body contours. A portion of WB CT overlapping with cine CT is replaced by average CT and DDG CT for 
attenuation correction of PET and DDG PET data, respectively. Inserting a small CT into WB CT makes quantification possible without a repeat of WB CT. 
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without the presence of a lung, the CT images at each cine position with 
the largest and smallest body contours were labeled the EE and EI 
phases, respectively. Combining a limited coverage DDG CT and a WB 
CT for quantification of the PET data reduced the CT radiation dose and 
saved the scan time for the patient because it did not require a repeat 
PET/CT [31]. 

Mitigation of irregular respiration could be performed by interac
tively pausing the cine CT scan when irregular respiration occurred and 
resuming the cine CT scan when respiration became regular [77]. A new 
intelligent 4D CT, also based on cine CT, was recently developed to 
mitigate irregular respiration prospectively for 4D CT [78]. This might 
suggest a transition of low-pitch helical to cine CT scans in the future. 

3.6. DDG PET/CT 

The first DDG PET/CT was based on spectral analysis to find regions 
within PET sinograms and CT images subject to respiratory motion [29]. 
The respiratory signals of hardware gating were also collected for 4D 
PET/CT to compare with DDG PET/CT. Two of the four CT datasets in 
this study had reduced artifacts in DDG CT than in 4D CT, suggesting 
that the respiratory gating was better achieved in DDG CT than in 4D CT 
[29]. 

The second DDG PET/CT study included 35 patients whose PET/CT 
data exhibited misregistration [31]. DDG PET/CT was better for quan
tification and registration of the PET/CT data than DDG PET with FB CT. 
Compared with repeat PET/CT, DDG PET/CT reduced CT radiation dose 
by 65 %, and did not need a repeat PET scan and thus reduced PET 
acquisition time by 6 min [31]. DDG CT also outperformed GE’s D-4D CT 
for registration with DDG PET because the 50 % phase in D-4D, the mid- 
point between two EI phases of 100 %, did not possess the largest lung 
density as the EE phase did in DDG CT. Although D-4D CT and DDG CT 
were based on the same cine CT images, their registrations with DDG 
PET were different [12]. 

Two patient studies not published before were included here for an 
illustration of potential improvements in tumor localization and quan
tification by DDG PET/CT. In Fig. 2, two liver lesions correctly identified 
in DDG PET/CT were mistaken as one lung lesion and one heart lesion in 
the baseline (static) PET/CT and DDG PET (corrected by misaligned 
baseline FB CT). Both localization and quantification were improved by 
the corrections of misregistration and tumor motion in DDG PET/CT. In 
this example, improvements were driven mostly by misregistration 
correction by DDG CT rather than by tumor motion correction by DDG 
PET. In Fig. 3, DDG PET at EI and DDG PET at EE were attenuation- 

corrected by DDG CT at EI and DDG CT at EE, respectively. Improve
ments in image quality without tumor motion were apparent. In addi
tion to DDG PET/CT data at the EI and EE phases, the MIP CT and 
average CT from the cine CT images could also be generated to support 
RT [19]. 

DDG PET/CT is a special case of DDG PET when both DDG PET and 
DDG CT are in the same phase. As misregistration becomes more 
prominent, the impact of motion correction with DDG PET is dimin
ished. The potential benefits of DDG PET toward accurate lesion seg
mentation and quantitation could be fully realized when combined with 
DDG CT. These results impress upon the necessity of ensuring both 
misregistration and motion correction are accounted for together to 
optimize the clinical utility of PET/CT [79]. 

4. Discussions 

One major difference between DDG PET and DDG CT is that dynamic 
PET data used in DDG PET can be derived from the list mode PET data, 
available on most PET scanners; whereas the cine CT for DDG CT is only 
available on the GE CT scanners [19,80]. A new prospective 4D CT, also 
based on cine CT, was recently commercialized [78]. It marked the 
change of low-pitch helical CT to cine CT scan for 4D CT by a vendor. 
Cine CT has the potential to become popular in the future. 

DDG CT has been applied to the PET/CT data impacted by misreg
istration [12,31]. This requires a technologist to review PET/CT images 
at the last bed position of PET acquisition. If misregistration is identified, 
the patient is transitioned after the PET scan to the CT scan position, and 
a cine CT scan of about 1 min for DDG CT is taken for misregistration 
correction between CT and PET and to reduce tumor motion in DDG 
PET/CT [12,31]. 

If there is little tumor motion or misregistration between PET and CT, 
respiratory motion correction may not be necessary. This is often the 
case when patients are shallow breathing or when there is no tumor in 
the lower lungs or upper abdomen. When artifacts occur, some scans 
benefit from misregistration correction, motion correction, or both 
misregistration and motion corrections. The current solution from the 
vendors is DDG PET and 4D CT, which requires hardware gating, instead 
of DDG PET and DDG CT, which requires no hardware gating. The 
combination of DDG PET and DDG CT for DDG PET/CT is needed to 
improve the efficiency of WB PET/CT scans and fully realize the po
tential benefits of accurate lesion segmentation and quantitation [79]. 

One approach to avoid DDG CT is to find a reference PET phase to 
best match with FB CT and DIR the FB CT to match with PET or DDG PET 

Fig. 2. From left to right are the baseline WB PET/CT, DDG PET (attenuation correction by WB CT in the baseline WB PET/CT), and DDG PET/CT (DDG PET 
attenuation correction by DDG CT) of an 18F-FDG study. The top and bottom rows are coronal and axial fusions of the PET and CT images. A liver lesion of 1.5 cm at 
the cross-hair in DDG PET/CT was mispositioned to the lungs in the baseline WB PET and DDG PET. The SUVmax of the liver lesion was 8.1, 8.2, and 14.5 for the 
baseline WB PET/CT, DDG PET, and DDG PET/CT, respectively. The liver lesion by an arrow in DDG PET/CT was also mispositioned to the heart in the baseline WB 
PET/CT and DDG PET. 
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based on the respiratory motion model derived from DDG or 4D PET 
[58,81,82]. However, a sigh or irregular respiration during the FB CT 
scan could degrade the effectiveness of DIR registration. One issue with 
this approach is the assumption that FB CT represents one phase of 
respiration. Since each CT slice captures a specific respiratory phase, the 
combined FB CT scan may not accurately represent any single respira
tory phase [12]. 

Another issue is that the extent of misregistration can be up to four 
times the respiratory motion estimated from the EI and EE phases of 
DDG PET, and it can lead to distortion of the anatomy in the DIR- 
matched CT data [81]. FB CT can also be used to generate matched 
4D CT for 4D PET based on the respiratory motion model from 4D PET 
[83]. Synthetic CT generated from PET without AC via machine learning 
is also gaining popularity for matching PET data without a real CT. TOF 
maximum-likelihood attenuation and activity estimation can also be 
used to generate an attenuation map for an improved respiratory motion 
model from DDG or 4D PET [84–86]. The estimated attenuation map for 
PET can be converted to CT images via machine learning convolution 
neural network [87]. However, these approaches tend to generate CT 
images of lower spatial resolution, and their tumor localization capa
bilities are still unknown. In addition, the DIR methods may not work 
well when FB CT does not match well with any phase of DDG or 4D PET 
but is still forced to match with one of the PET phases [81]. 
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