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Abstract

Objectives This study aimed to investigate the performance of respiratory-gating imaging with reduced acquisition time using the

total-body positron emission tomography/computed tomography (PET/CT) scanner.

Methods Imaging data of 71 patients with suspect malignancies who underwent total-body 2-['*F]-fluoro-2-deoxy-D-

glucose PET/CT for 15 min with respiration recorded were analyzed. For each examination, four reconstructions were

performed: Ungated-15, using all coincidences; Ungated-5, using data of the first 5 min; Gated-15 using all coinci-

dences but with respiratory gating; and Gated-6 using data of the first 6 min with respiratory gating. Lesions were

quantified and image quality was evaluated; both were compared between the four image sets.

Results A total of 390 lesions were found in the thorax and upper abdomen. Lesion detectability was significantly higher in

gated-15 (97.2%) than in ungated-15 (93.6%, p = 0.001) and ungated-5 (92.3%, p = 0.001), but comparable to Gated-6

(95.9%, p = 0.993). A total of 131 lesions were selected for quantitative analyses. Lesions in Gated-15 presented signifi-

cantly larger standardized uptake values, tumor-to-liver ratio, and tumor-to-blood ratio, but smaller metabolic tumor

volume, compared to those in Ungated-15 and Ungated-5 (all p < 0.001). These differences were more obvious in small

lesions and in lesions from sites other than mediastinum/retroperitoneum. However, these indices were not significantly

different between Gated-15 and Gated-6. Higher, but acceptable, image noise was identified in gated images than in ungated

images.

Conclusions Respiratory-gating imaging with reduced scanning time using the total-body PET/CT scanner is superior to ungated

imaging and can be used in the clinic.

Key Points

* In PET imaging, respiratory gating can improve lesion presentation and detectability but requires longer imaging time.

* This single-center study showed that the total-body PET scanner allows respiratory-gated imaging with reduced and clinically
acceptable scanning time.
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Abbreviations

AFOV Axial field of view

MTV Metabolic tumor volume

PET/CT Positron emission tomography/computed
tomography

SNR Signal-to-noise ratio

SUV Standardized uptake value

TBR Tumor-to-blood ratio

TLR Tumor-to-liver ratio

VOI Volume of interest

Introduction

Respiratory motion affects positron emission tomography/
computed tomography (PET/CT) image quality, because the
acquisition time of PET (23 min/bed position) is much longer
than the respiratory cycle time (3—6 s) [1]. The common prob-
lems are reduced image resolution, underestimation of the stan-
dardized uptake value (SUV), overestimation of tumor volume,
and deformation or inaccurate localization of lesions [2].

Although respiratory gating can increase lesion SUV [3],
decrease metabolic tumor volume (MTV) [4], reduce image
noise, and improve diagnostic performance [5], it is generally
not used in the clinic, because of the long imaging time re-
quired to match the count and image quality to non-gated im-
aging [6, 7]. The extended acquisition time is poorly tolerated
by patients, and the time taken for the transfer and reconstruc-
tion of large data reduces working efficiency.

The advent of PET scanners with a long axial field of view
(AFOV) such as the uEXPLORER (AFOV: 194 c¢cm; United
Imaging Healthcare) [8] and the Quadra (AFOV: 106 cm,
Siemens Healthineers) [8], has significantly improved detec-
tor sensitivity and PET image quality. These scanners have
enabled PET imaging with reduced acquisition time [9, 10],
low tracer activity [9, 11], and delayed imaging time [12]. We
hypothesized that the improved efficiency in count detection
and the long AFOV would improve efficiency in respiratory-
gated imaging too. In this study, we aimed to investigate
whether respiratory-gated total-body PET imaging using the
uEXPLORER could minimize the effect of respiratory motion
and reduce acquisition time. The hardware-based technique
was used since it is still the standard method for respiratory
gating.

Materials and methods

This study was approved by the Institutional Review Board of
Zhongshan Hospital, Fudan University (B2021-329). Written
informed consent was obtained from all patients.

Patients enroliment

From September to December 2021, a total of 145 patients
underwent respiratory-gating total-body ['*F]FDG PET/CT
for suspected malignancies in the thorax and upper abdomen.
After an initial review of PET/CT images, 49 patients were
excluded (15 had no lesions identified, 22 had lesions with
invisible ['*F]JFDG uptake compared to the surrounding back-
ground, 7 had tumors that were not in the thorax and upper
abdomen). Another five patients were excluded because of
failure in lesion segmentation on PET images, including le-
sions that were close to the myocardium (z = 1) or the stomach
(n = 1) which had obvious physiological uptake of ["*F]FDG,
and lesions that were too close to the segment from each other
(n = 3). Then, the remaining 96 patients were followed up, of
which 25 patients without a pathologically confirmed diagno-
sis were excluded (Fig. 1). Finally, a total of 71 patients with
pathologically confirmed malignancies (n = 68) and benign
lesions (n = 3) were included.

Total-body PET/CT acquisition

Patients were fasted for at least 6 h before injection of '*F-
FDG (4.4 MBg/kg). The mean glycemia of patients at the time
of ['"®F]FDG injection was 6.1 (range: 3.9—10.7) mmol/L.
Total-body PET/CT using the uEXPLORER scanner was per-
formed after the patient had rested for about 60 min. The
respiratory motion signal was recorded using a Vital Signal
Monitor Gating belt (United Imaging Healthcare). Free-
breathing CT acquisitions were performed using the following
parameters: tube current, 140 mAs; tube voltage, 120 kV;
collimation, 64 x 0.5 mm; pitch, 1.0; and matrix, 512 x 512.

Respiratory gating and PET image reconstruction

Each respiratory cycle was evenly divided into three bins with
the second being taken to reconstruct respiratory-gated im-
ages, corresponding to the end-expiratory phase. In other
words, approximately one-third of coincidences were extract-
ed for a gated reconstruction. For comparison, four datasets of
PET were reconstructed: gated and ungated reconstruction
using the entire 15-min data (Gated-15 and Ungated-15),
ungated reconstruction using the first 5 min (Ungated-5),
and gated reconstruction using the first 6 min (Gated-6).
Ungated-5 was reconstructed mainly for count-matched
comparison with Gated-15. Gated-6 was reconstructed to in-
vestigate the performance of time-reduced respiratory-gated
imaging, took into account an effective count equal to the
standard protocol of 2 min/bed position recommended in the
European guideline [13]. All PET image reconstructions were
performed using the list-mode ordered-subsets expectation-
maximization algorithm, incorporating time-of-flight and
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Fig. 1 Flowchart of patient
enrollment

From Sep. 2021 to Dec. 2021, 145 patients with suspected tumors in the thorax
and upper abdomen underwent respiratory-gating total-body PET/CT imaging

49 patients excluded because of :

-Negative in lesion detection (n = 15)

-Invisible FDG uptake of lesion (n = 22)

-Tumors not in the thorax and upper
abdomen (n =7)

-Failure in lesion segmentation (n=15)

y

96 patients were eligible to this study

A

25 patients were excluded because of
none pathological results

4

71 patients with confirmative pathological results were included to this study

point-spread function with three iterations, 20 subsets, an im-
age matrix of 192 x 192, and a slice thickness of 1.443 mm.

Objective assessment of image quality and lesion
demonstration

An objective assessment of image quality was performed by
measuring the ['*F]FDG uptake in the background liver and
the blood pool. Briefly, spherical volumes of interest (VOI)
with diameters of 3 cm were placed in the middle area of the
right lobe of the liver, and spherical VOlIs as large as possible
were drawn in the descending aorta without touching its wall.
From each VOI, the maximum, mean, and standard deviation
of standardized uptake value (SUV ax, SUV can, and SUVgp,
respectively), corrected by the body weight, were estimated.
The signal-to-noise ratio (SNR) of the liver and blood pool
were calculated by dividing SUV,,ca, with SUVgp. Identical
VOIs were copied among the four image sets of each patient.

Lesions detectability was assessed by counting the number
of lesions on the four image sets and comparing the number
with the lesion count on chest high-resolution CT, enhanced
abdominal CT, or MRI performed within 1 week before or
after PET. For measuring the ['*F]JFDG uptake in lesions, an
adaptive threshold segmentation method was used to segment
each lesion [14]. This segmentation method is a combination
of the threshold algorithm and the region-growing algorithm,
with the former finding an optimal threshold through iteration
for lesion segmentation and the latter connecting the seed
pixels and those pixels whose intensity values are greater than
the optimal, to finally generate the lesion region [14, 15].
Making full use of the information from signal to background,
this method showed better performance in lesion delineation

@ Springer

and is independent to image properties, scanner type, recon-
struction, and imaging noise, compared to the commonly
used relative or absolute fixed SUV threshold [14, 15].
MTV, peak SUV (SUV,cai), SUVax, and SUV e, of the
lesions were recorded. SUV g, was determined by averag-
ing the SUV of voxels with SUV > 90% of SUV ,,.«. The
tumor-to-liver ratio (TLR) and tumor-to-blood ratio (TBR)
were calculated by dividing tumor SUV ., with SUV can
of background liver and blood pool, respectively. All le-
sions were measured if there were fewer than then; other-
wise, three lesions with the highest ['*F]FDG uptake were
measured. Two operators (S.C. and G.L.) performed the
quantitative measurements independently for testing inter-
operator agreements, with one (S.C.) performing the mea-
surements twice for testing intra-operator agreements.

Subjective assessment of image quality

With the four data sets arranged side by side, two nuclear
medicine physicians (Y.H. and G.L., with 5 and 6 years of
working experience, respectively), blinded to the reconstruc-
tion information, independently evaluated the image quality
using a slightly modified version of a method described previ-
ously [16]. First, overall image quality was scored as follows:
0, non-diagnostic; 1, numerous significant heterogeneities; 2,
satisfactory, some significant heterogeneities of varying size
and magnitude; 3, good, small heterogeneities visible through-
out; 4, very good, subtle, tiny heterogeneities; or 5, excellent,
no/minimal heterogeneities. Figure 2 shows typical images of
scores 1-5. Second, the noise in the liver and the bone marrow
was also scored visually using the same criteria.



European Radiology (2023) 33:3366-3376

3369

Ungated-5 Ungated-15

Gated-6 Gated-15
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Fig. 2 Coronal PET and fused PET/CT slices on an SUV grayscale of 0—6 from two representative cases illustrating subjective assessment of image

qualities. The overall score is shown below each image
Statistical analysis

Statistical analysis was performed using the SPSS 20 (IBM
Corp.). The weighted kappa was calculated to evaluate inter-
rater agreement in subjective image analysis, while intra-class
coefficients (ICC) were calculated to assess inter- and intra-
operator agreements regarding quantitative measurements.
Comparisons of quantitative indices among the four PET sets
were performed using one-way ANOVA with repeated mea-
sures if the Kolmogorov—Smirnov test confirmed normality;
otherwise, the Freidman test was used. The Cochran Q test
was performed to compare lesion detectability among the four
PET sets. For pairwise post hoc comparisons, the Bonferroni
corrections were applied. Lesions were divided into two size
groups (by median MTV), and two location groups (esopha-
geal/pancreatic and others). Relative differences of lesions’

quantitative indices between Gated-15 and Ungated-15/5
|Gated\s—Ungated, s s|
Gated,s

compared between the two size and location groups, using
the Mann—Whitney U test. All tests were two-sided, with p
< 0.05 indicating statistical significance.

were calculated as x 100%, and were

Results
Patient characteristics

Table 1 summarizes the characteristics of the patients. All
patients had confirmed the pathological diagnosis: 41

Table 1 Basic and clinical information of the 71 patients included in
this study
Characteristics N=T1
Gender
Male, n (%) 49 (69.0%)
Female, n (%) 22 (31.0%)
Age, years (mean + SD) 589+ 14.1
Height, cm (mean + SD) 166.0 £ 7.3
Weight, kg (mean + SD) 63.8+10.7
Injected dose, MBq (mean + SD) 278.9 £ 48.9
Mean glycemia, mmol/L (range) 6.1 (3.9-10.7)
Resting time post injection, min (mean + SD) 60.2 +£16.3
Method of final diagnosis
Biopsy, n (%) 41 (57.7%)
Surgery, n (%) 30 (42.3%)
Lesion location and pathology*
Lung cancer and metastasis, 7 (%) 24 (33.8%)
Liver cancer and metastasis, 7 (%) 25 (35.2%)
Esophageal cancer, n (%) 7 (9.9%)
Gastric cancer, 1 (%) 7 (9.9%)
Pancreatic cancer, n (%) 4 (5.6%)
Gallbladder cancer, n (%) 4 (5.6%)
Liver benign lesion, 7 (%) 2 (2.8%)
Lung benign lesion, n (%) 1 (1.4%)

SD, standard deviation; *, the summed percentages of all types exceeds
100% because some patients had primary cancer as well as liver/lung
metastasis
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(57.7%) from biopsy and 30 (42.3%) from surgery. While 68
patients had malignant lesions, 3 had benign lesions.

Respiratory gating, image reconstruction, and
prompt counts

An average of 223.8 respiratory cycles were recorded for the
15-min gated imaging; 18.0 + 16.8 cycles failed for image
reconstruction, leaving 223.8 + 57.6 (about 92.4%) cycles
effective for respiratory-gating reconstruction (Table 2). The
prompt counts of each image set were estimated as follows:
count rates x imaging time x percentage of bins (1/3) x per-
centage of effective respiratory cycles. Counts (including true,
random, and scatter) were significantly lower in Gated-15 than
in Ungated-15 and Ungated-5 (Table 2). However, the differ-
ences were not significant between Gated-15 and Gated-6.
Interestingly, the proportion of effective counts was signifi-
cantly higher in Gated-15 than in Ungated-15 (41.55% vs.
39.87%, p < 0.001) and in Ungated-5 (41.55% vs. 41.08%,
p <0.001). The proportion of effective counts was even higher
in Gated-6 than in Gated-15 (41.95% vs. 41.55%, p < 0.001).

Objective assessments of background [®FIFDG uptake

Both the inter- and intra-operator agreements regarding SUV
measurements of background ['*F]FDG uptake were excellent
(ICC > 0.85, Table S1). The mean SUVs in the background
liver and blood pool were close among the four image sets,
although most of the intergroup differences were statistical-
ly significant (Table 3). Liver SUVgp and blood-pool
SUVsp were significantly higher in Gated-15 than in
Ungated-15. This resulted in significantly lower SNR in
the liver and blood pool in Gated-15 than in Ungated-15

and Ungated-5. Even worse results were seen in Gated-6
which, compared to Gated-15, had significantly higher liver
SUVgp (0.24 vs. 0.17, p < 0.001) and blood-pool SUVgp
(0.16 vs. 0.10, p < 0.001), and significantly lower liver SNR
(9.79 vs. 14.20, p < 0.001) and blood-pool SNR (10.80 vs.
15.87, p < 0.001).

Lesion detectability and ['FIFDG uptake

A total of 390 lesions were found in the thorax and upper
abdomen (Table 4). Lesion detectability in gated-15 was sig-
nificantly higher than in ungated-15 (97.2% vs. 93.6%, p =
0.001) and Ungated-5 (97.2% vs. 92.3%, p = 0.001), but com-
parable to that in Gated-6 (97.2% vs. 95.9%, p = 0.993).

A total of 131 lesions were measured for quantitative ana-
lysis, with excellent inter- and intra-operator agreements (ICC
> 0.90, Table S1). Lesions in Gated-15 presented significantly
higher SUV ax, SUVg0%, SUV means SUVpea, TLR, and TBR,
and significantly smaller MTV compared to Ungated-15 and
Ungated-5 (Table 4). These differences remained even when
only lung or liver lesions were considered (Table S2). In the
subgroup analysis by lesion size (Fig. 3), the differences in the
various quantifications between Gated-15 and Ungated-15 or
Ungated-5 were more obvious among relatively smaller le-
sions (MTV < 4326.2 mL) than among relatively larger le-
sions (MTV >4326.2 mL) of this study. Negative correlations
had been found between the relative differences of the various
quantifications with lesion volumes (Table S3). In the sub-
group analysis by lesion location, lesions in the esophagus
and pancreas presented relatively smaller differences in the
quantifications between Gated-15 and Ungated-15 or
Ungated-5, although none of the differences had reached sta-
tistically significant (Fig. 3). However, none of these indices

Table 2 Summary statistics of the estimated counts and respiratory cycles among the four image sets

Variables Gated-15 Ungated-15 Ungated-5 Gated-6 Do D1 P2 D3

Respiratory cycles
Total 238.6 + 63.1 - - 95.2 +26.1 - -
Effective 2238 +57.4 - - 89.8 +24.2 - - - -
Failed 18.0 = 16.8 - - 6.7+7.0 - - - -
Percent of effective 924 +6.9 92.7+7.6

Estimated counts (billion)
True 0.41 +0.09 1.15+022 0.45+0.07 029+0.17 <0.001" <0.001" <0001" >0999
Random 0.96 +0.36 240+ 0.83 1.09 +0.37 073+053 <0.001" <0.001" <0001" >0.999°
Scatter 0.24 + 0.06 0.72 +0.15 0.28 +0.05 0.18+0.11 <0.001" <0.001" <0001" >0.999°
Effective (true + scatter) 0.65+0.13 1.87 +0.36 0.73 +0.11 048+029 <0007 <0.001" <0001" >0999°
Percent of effective (%) 4155+4.838 3987+4.60 41.08+490 4195+495 <0.001* <0001! <0001* <o0.001%

Data presented are mean + standard deviation. {, Freidman test; , One-way ANOVA with repeated measures. p, indicates p values of one-way ANOVA
with repeated measures or Freidman test among four groups; p; to p; indicates adjusted p values after Bonferroni corrections from comparisons between
Gated-15 and Ungated-15, between Gated-15 and Ungated-5, and between Gated-15 and Gated-6, respectively

@ Springer



European Radiology (2023) 33:3366-3376 3371

Table 3  Comparisons of objective measurements of background uptake among the four PET image sets

Index Total number  Gated-15 Ungated-15  Ungated-5 Gated-6 Do P1 P2 )2}

Liver SUV nean 71 230+£032 2294033 236+£035 234+032 <0001 00997 <0001" <0.001"
Liver SUVgp 71 0.17+£0.03 0.10+0.02 0.16+£003 024+004 <0001 <0001 0916' <0.001%
Liver SNR 71 1420198 23.54+£394 1504+185 9.79+137 <0001" <0001 <0.001" <o0.001
Blood pool SUVean 71 1.60+032 1.61+033 1.71+036 1.66+035 <0.0017 05977 <0.001" <0.001"
Blood pool SUVgp 71 0.10£0.02  0.06+0.02 0.10£002 0.16+0.03 <0.001% <0001% <0999 <0.001*
Blood pool SNR 71 1587 +£346 266+624 1677+3.06 10.80+2.02 <0.001" <0.001" 00327 <o0.001

Data are presented as mean + standard deviation for continuous variables. T, One-way ANOVA with repeated measures. }, Freidman test. p, indicates
p values of one-way ANOVA with repeated measures or Freidman test among four groups; p; to p; indicates adjusted p values after Bonferroni
corrections from comparisons between Gated-15 and Ungated-15, between Gated-15 and Ungated-5, and between Gated-15 and Gated-6, respectively

was statistically different between Gated-15 and Gated-6 (p;
in Table 4).

Subjective assessments of image quality

Inter-rater consistency in assessing the image quality was
good (weighted kappa > 0.75; Table 5). Obviously, higher
overall scores were identified in gated images than in ungated
images, but no significant difference was found between
Gated-15 and Gated-6 (4.77 vs. 4.62, p > 0.999). Figure 4
and Figure 5 show typical cases of better presentation in gated
images than in ungated images of lung and liver lesions.
Although the scores for liver noise and bone-marrow noise
were significantly lower in Gated-15 (4.15 and 4.38, respec-
tively) than in Ungated-15 (4.93 and 4.92, respectively), they
were comparable to the scores in Ungated-5 (4.30 and 4.43,
respectively) (Table 5). However, liver noise (3.16 vs. 4.15, p

Figure 6 shows a typical case of the bone-marrow noise and
liver noise in the four reconstructed PET images.

Discussion

In this study, we investigated the performance of
respiratory-gated total-body PET/CT in a patient cohort
with miscellaneous suspect malignancies. The 15-min gat-
ed PET imaging outperformed the 15-min ungated and the
5-min “count-matched” ungated PET imaging, in lesion
detectability, presentation, and quantification, with compa-
rable overall image quality. Despite the reduced acquisition
time of 6 min, respiratory-gated imaging performed as well
as 15-min gated imaging.

The results of this study show significance to the clinic.
According to the European guideline, for traditional full-
activity imaging (~3.7 MBq/kg), a PET system with short

< 0.001) and bone-marrow noise (3.57 vs. 4.38, p < 0.001)

AFOV of 15-25 ¢cm and an imaging protocol with a bed over-
were significantly higher in Gated-6 than in Gated-15.

lap of>30% and an acquisition time of 2 min/bed for the body

Table 4 Comparisons of objective measurements of lesions among the four PET image sets

Index Total number Gated-15 Ungated-15 Ungated-5 Gated-6 Do P1 P2 D3

Lesion detected (%) 390 379 (97.2%) 365 (93.6%) 360 (92.3%) 374 (959%) <0.001° 0.001"  0.001" 0.993"

Lesion uptake
SUV max 131 1141£549  10.17+£500 1024+505 11.59+567 <0001 <0.001" <0.0017 >0.999
SUV mean 131 623+278  5.67+253 566+246  623+278 <0.001T <0.001T <0.001T >0.999°
SUVoe 107° 11.06+545  9.67+506  982+497 11.70+5.69 <0.001"T <0.0017 <0.001" >0.999
SUV ek 114° 9254459  859£432  845+442  920+472 <0001" <0001" <o0001" 04127
MTV, x1000 mL 131 2448 +60.78 2626+62.61 2605+63.60 2391+5850 <0.001T <0001" <0.001" >0999
TLR 131 5044254  457+244  446+237  506+262 <0.001T <0001 <0001 >09997
TBR 131 741 +4.13 6.61+380  628+3.67  730+422 <0.001T <0001 <o0.001" 02317

Data are presented as mean + standard deviation for continuous variables. T, Freidman test; *, Cochran Q test. p, indicates p values of Freidman test or
Cochran Q test among four groups; p; to p; indicates adjusted p values after Bonferroni corrections from comparisons between Gated-15 and Ungated-
15, between Gated-15 and Ungated-5, and between Gated-15 and Gated-6, respectively; a, 24 lesions failed to obtain SUVq, because of small size and
narrow distribution of voxel uptake; b, 17 lesions failed to obtain SUV e, because of small size
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Comparisons between gated-15 and ungated-15
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Fig. 3 Comparisons of the gated-to-ungated differences of lesion quan-
tifications between lesions of MTV > 4326.2 mL and < 4326.2 mL (A
and B), and between lesions from the esophagus/pancreas and those from

and 5 min/bed for the brain, would require an acquisition time
over 15 min for a whole-body PET imaging [13]. If respiratory
gating were to be applied for the two bed positions in the
upper abdomen and lower thorax, the acquisition time would
be tripled with the use of hardware-based gating [17] or dou-
bled with the use of data-driven gating [7]; a total time of 19—
23 min would be required. This is not a suitable protocol for
oncological imaging, especially in seriously ill patients who
cannot tolerate prolonged immobilization. The reduced time
of 6 min for respiratory-gated total-body PET imaging, as
identified in our study, would be more practical in the clinic.
This result is consistent with our previous experience in
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other places (C and D). A and C, Differences between Gated-15 and
Ungated-15. C and D, Differences between Gated-15 and Ungated-5

ungated total-body PET imaging as the Gated-6 just matched
the count of the 2-min protocol recommended for a full-
activity ungated imaging [12].

A cost of respiratory gating is the reduced counts for image
reconstruction with increased image noise. In our study, in-
creased noise in the liver and blood pool leading to reduced
SNR of image were identified in gated images compared to
ungated images. In addition, the subjective scores of liver and
bone marrow noise were lower in Gated-15 than in Ungated-
15. The image SNR and subjective scores of noise were even
lower in Gated-6. However, SNR of background liver in both
Gated-15 (14.20 = 1.98) and Gated-6 (9.79 + 1.37) were

Table 5 Subjective assessment of the image qualities and the inter-rater consistency among the four PET image sets
Subjective scores Gated-15 Ungated-15 Ungated-5 Gated-6 Po D1 D2 D3
Overall 477 +0.48 3.55+128 357+126 4.62 +0.64 <0.001* <0.001* <0.001* >0.999*
Liver noise 4.15+0.57 493 +0.34 430 +0.57 3.16+0.57 <0.001* <0.001% >0.999* <0.001*
Bone marrow noise  4.38 + 0.59 4.92+0.36 4.43+0.70 3.57+0.66 <0.001% 0.001*  >0.999* <0.001*
Weighted kappa (95% CI)
Overall 0.789 0.785 0.767 0.819
(0.640-0.939) (0.699-0.870) (0.674-0.860) (0.694-0.943)
Liver noise 0.906 0.838 0.770 0.782
(0.710-1.000) (0.711-0.964) (0.619-0.921) (0.638-0.926)
Bone marrow 0.751 0.825 0.817 0.794
noise (0.593-0.898) (0.562-1.000) (0.699-0.936) (0.670-0.917)

Note: Data are presented as mean + standard deviation for subjective scores. C/, confidence interval. §, Freidman test. p, indicates p values of the
Freidman test among four groups; p; to p; indicates adjusted P values after Bonferroni corrections from comparisons between Gated-15 and Ungated-15,
between Gated-15 and Ungated-5, and between Gated-15 and Gated-6, respectively
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Gated-15

Fig. 4 Coronal slices of PET and fused PET/CT (SUV grayscale, 0-6)
showing ['®FJFDG-avid liver metastasis (arrows), which are easier to vi-
sualize on gated reconstructions but not definitely visible on Ungated-15

relative high when compared to the SNR in PET images (full-
activity, 2 min/bed) with clinically acceptable qualities (liver
SNR: 8.3 + 1.2) obtained using conventional PET scanner
with the state-of-art configurations [18]. Furthermore, when
compared with total-body PET images in our previous studies,
the SNR of background liver and blood pool, and the subjec-
tive scores of liver noise in both Gated-15 and Gated-6,
exceeded the corresponding results of 2-min full-activity

Ungated-15 Ungated-5

Fig. 5 Coronal slices of PET, fused PET/CT and breath-hold high-reso-
lution CT (HRCT: upper coronal; lower, sagittal) showing an [18F 1FDG-
avid lung cancer with obvious deformation on ungated images. This
lesion can be easily misdiagnosed as two lesions on Ungated-15 and

Gated-15
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and Ungated-5 images. The Gated-15 and Gated-6 images received a
score of 5 and 4, respectively, while Ungated-15 and Ungated-5 both
received an overall score of 1

images and fulfilled the requirement for clinical diagnosis
[19, 20]. One method to reduce noise is to increase the injected
activity to gain better counting statistics for compensating the
count loss caused by failure of respiration capture. This is why
we used a relatively higher dose of ['*F]FDG (4.4 MBq/kg
instead of 3.7 MBq/kg) [13]. Another method to reduce image
noise is to reduce the number of iterations to two; we are
exploring this possibility also.

Gated-6

Ungated-5, which received an overall score of 2 and 1, respectively.
The deformation is markedly less on Gated-15 and Gated-6 images,
which received overall scores of 5 and 4, respectively. The PET images
are on an SUV grayscale of 06
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Fig. 6 Coronal (upper row) and
axial (lower row) slices of PET
showing bone-marrow noise and
liver noise, respectively. The
bone-marrow noise is comparable
among the four image sets, and
thus all received a subjective
score of 5. The liver noise is close
among Ungated-5, Gated-15, and
Gated-6, which is slightly inferior
to Ungated-15; thus, subjective
scores of 5, 4, 4, and 4 were given
to these four image sets, respec-
tively. The images are on an SUV
grayscale of 0—6

W

Another important factor that hinders the clinical applica-
tion of respiratory gating is the strict requirement for regular
respiration. In our study cohort, approximately 7.6% of respi-
ratory cycles were unavailable for use in image reconstruction.
The proportion would be much higher for seriously ill onco-
logical patients whose respiration can be very disordered.

As for image counts, it is reported that at least 10 million
true counts are required for the accurate quantification of
lung lesions on PET images [21]. Schaefferkoetter et al
found that for obtaining image quality and lesion detection
equal to that with full-count imaging, the minimum require-
ment was 5 million effective counts [22]. In our study, the
mean true counts of Gated-15 and Gated-6 were 410 and
290 million, respectively, and the mean effective counts
were 650 and 480 million, respectively, which were both
significantly higher than these requirements. Interestingly,
the gated images presented significantly higher percentages
of effective counts than in ungated images in our study
(Table 2). This might have compensated for the reduced
total counts and led to the comparable subjective liver-
and bone-marrow-noise scores in Gated-15 and Ungated-
5. Given the dramatically high amount of counts detected, it
is likely that the acquisition time can be reduced further if
the data-driven-gating technique is used [16].
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In PET/CT imaging, malignant lesions commonly show
higher tracer uptake than adjacent areas. Therefore, for small
lesions, the respiratory motion would cause the measured
prompts to be lower as a larger amount of adjacent normal
areas would be included than would be the case with large
lesions. In our study, more obvious underestimations of quan-
tification in ungated imaging were found in relatively small
lesions; this is consistent with previous studies [23, 24].
Another factor affecting the efficiency of respiratory gating
is the lesion location. For example, lesions in the mediastinum
or retroperitoneum are relatively invulnerable to respiration
motion compared to lesions in other areas; this was confirmed
in our study.

Several limitations of this study should be mentioned. First,
we did not investigate how much further the acquisition time
of respiratory-gated imaging could be reduced without
compromising image quality. Nevertheless, a total time of
6 min for a total-body respiratory-gating PET imaging is dra-
matic. Second, the slightly higher dose of tracer used in this
study increases radiation to the patient. However, the increase
of tracer activity from 3.7 to 4.4 MBq/kg would only bring
about an increase of 0.0133 mSv/kg of radiation, i.e., account-
ing for about 0.8 mSv for a 60-kg patient as calculated by the
method suggested in the ICRP Publication 106 [25]; this slight
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increase of radiation may not be a major concern for patients
with malignancies. Third, we did not include patients without
pathologically confirmed diagnosis aiming to confine the
study subjects to be a patient set with definitive diagnosis in
order to guarantee a robust result that could be likely extrap-
olated to similar patients from other institutions using similar
PET/CT scanner. Finally, we did not apply the data-driven-
gating technique, although its great potential in total-body
PET imaging has been indicated in recent studies [16, 26].

To conclude, ['*F]JFDG PET/CT imaging using the total-
body PET scanner allows for respiratory-gated imaging with
dramatically reduced scanning time while providing image
quality superior to that obtained with ungated time- or
count-matched imaging. Therefore, there should be increased
use of respiratory gating in clinical PET imaging.
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