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Abstract

Purposes To explore the clinical feasibility and efficacy of a deep inspiration breath-
hold (BH) PET/CT using ['®FJAIF-NOTA-LM3 on upper abdominal lesions in patients with
neuroendocrine tumors (NETSs).

Methods Twenty-three patients underwent a free-breath (FB) whole-body PET/CT,
including a 10 min/bed scan for the upper abdomen with a vital signal monitoring for
respiratory gating (RG) followed by a 20-second BH PET/CT covering the same axial
range. For the upper abdomen bed, the following PET series was reconstructed: a
2-min FB PET; RG PET (6 bins); a 20-second and 15-second BH PET (BH_15 and BH_20).
Semi-quantitative analysis was performed to compare liver SUV, ... lesion SUV, ..,
MTV, its percentage difference and target-to-background ratio (TBR) between both BH
PET and RG PET images. Subgroup analysis considered lesion location, MTV and SUV, .
A 5-point Likert scale was used to perform visual analysis and any missed or additional
lesions were identified compared with RG PET.

Results Quantitative analysis on overall lesions (n=78) revealed higher SUV,, ., and
TBR, and smaller MTV for both BH PET compared to FB and RG PET, with lesion location-
specific variations. Neither significant difference was observed in all metrics between
RG and FB PET in larger lesions, nor in MTV in lower-uptake lesions. However, both BH
PET significantly enhanced these measurements. In the visual analysis, both BH PET
showed noninferior performance to RG PET, and were evaluated clinically acceptable.
Additional and missed lesions were observed in FB and both BH PET compared with
RG PET, but didn't alter the clinical management. The BH_15 PET showed comparable
performance to BH_20 PET in any comparison.

Conclusion The BH PET/CT using ['®FIAIF-NOTA-LM3 is effective in detecting upper
abdominal lesions, offering more accurate quantitative measurements. Using a

novel PET/CT scanner, a 15-second BH PET can provide comparable and superior
performance to RG PET, indicating potential feasibility in clinical routines.
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Introduction

Positron emission tomography/computed tomography (PET/CT) is a widely-used
imaging modality for various aspects of cancer imaging, including (re)staging, therapy
response monitoring, and suspected recurrence evaluation [1-4]. However, the qual-
ity of PET images can be compromised by motion, especially respiratory motion during
acquisition, leading to image blurring, reduction in quantitative accuracy and a compro-
mised reproducibility [5]. Moreover, in hybrid PET/CT imaging, this challenge becomes
more significant due to the disparate respiration phases between PET and CT scans.
The misalignment between PET and CT images can lead to mislocalization of lesions,
and inaccurate standardize uptake value (SUV) measurements brought by errors in CT-
based PET attenuation and scatter correction.

Numerous approaches have been developed to tackle motion artifacts in PET/CT
imaging. Among these, respiratory gating (RG) technique has emerged as an effective
method to mitigate respiratory motion effects during PET acquisition. This involves
reconstructing PET data into bins based on amplitude or phase of the patient’s breath-
ing cycle. The technique depends on tracking the patient respiration signal from exter-
nal motion detection system, such as pressure sensors, thermistors, spirometers,
real-time video cameras, or data-driven [6—11]. To maintain a comparable image quality
to that of clinical routines, the acquisition time for the gated bed is extended by a fac-
tor of four or higher, based on the gated bins (typically ranging from 4 to 10) during the
reconstruction.

An alternative approach known as the deep-inspiration breath-hold (BH) PET tech-
nique has been proposed. BH methods have been reported to be effective in identifying
anatomy and enhancing the accuracy of quantitative measurements [12—-18]. Never-
theless, the studies faced the challenge of insufficient counts within a short acquisition
which restricted the application of BH mainly in clinical routines. Over the past decades,
there have been notable advancements in PET imaging technologies, including both
hardware development such as scintillators, silicon photomultipliers, and application-
specific integrated circuits (ASIC), as well as software development such as advanced
reconstruction algorithms and post-processing techniques. Newly commercialized PET/
CT systems, taking the advantages of these techniques, can provide enhanced spatial
and temporal resolution along with high sensitivity. The superior timing resolution,
facilitated by time-of-flight (TOF) technology, contributes to a multifold change in effec-
tive sensitivity, resulting in elevated image quality and contrast when compared to that
of non-TOF PET scanners [19]. In our study, we utilized a novel PET/CT scanner (uMI
Panorama, United Imaging Healthcare, China) with a system sensitivity of 20.1 kcps/
MBq and a timing resolution of 189 ps [20], allowing for the exploration of a more fea-
sible BH protocol for all patients. In previous studies, typical BH duration for single BH
PET protocol was 20-30 s which is quite challenging [12-18]. In the study, we tried to
reduce the acquisition time to 15 s and investigate its performance and diagnostic effi-

cacy in clinical routines.
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Neuroendocrine tumors (NETs) are a diverse group of tumors characterized by over-
expression of somatostatin receptor (SSTR), which are present throughout the human
body and most commonly found in the gastrointestinal tract, pancreas, and lungs [21,
22]. Utilizing a PET scan with a SSTR-targeted tracer allows for the visualization of NETs
with high sensitivity, especially for upper abdominal lesions [23—25]. While the conven-
tional tracers, ®*Ga-labeled somatostatin analogs, have shown impressive results, it is
impeded by practical and economic challenges arising from the **Ge/%®*Ga-generators. In
contrast, '®F-labeled SSTR-targeted PET tracers are of interest in research field recently
and previous findings have indicated its promising efficacy in detecting NETs [26-30].
To our knowledge, there is a limited number of research investigating BH PET/CT imag-
ing with '®F-labeled SSTR-targeted tracers in abdominal lesions of NET patients. It is of
significance to explore its utilization as an alternative to RG PET in clinical routines.

Thus, the aim of the study is to explore the feasibility and effectiveness of a 15-sec-
ond and 20-second BH technique in upper-abdominal NETs in ['®F]AIF-NOTA-LM3
PET/CT imaging, in comparison with RG PET using both visual and semi-quantitative

analysis.

Methods
Patients
Twenty-five patients, suspected of NETs or recurrence from Feb. 2023 to Jul. 2023, were
prospectively included in this study. All patients were informed of the prolonged scan
time and the procedure of breath hold during the scan. The enrolled patients were diag-
nosed with NETs which was confirmed by contrast-enhanced CT, and/or enhanced MR
and/or follow-up results. Exclusion criteria includes: patients who were unable to lie still
with a spine position, or for the prolonged duration of the scan; the scanned bed posi-
tion for RG or BH was not suitable for an upper abdominal study.

The institutional review board of Peking Union Medical College Hospital approved our
study; the written informed consent was signed by all patients prior to the examination.

Imaging protocol

All PET/CT imaging was performed using a SiPM- and ASIC-based PET/CT system
(uMI Panorama, United Imaging Healthcare, Shanghai, China) with an axial field-of-
view (FOV) of 35 cm and a timing resolution of 189 ps [20]. [**F]AIE-NOTA-LM3 was
synthesized by our lab. Patients were injected intravenously with 262+47 MBq of an
[*8F]AIF-NOTA-LM3 and imaged 60 min later. Before patient positioning, a wireless
vital signal monitoring (VSM) system supplied by the vendor was mounted to patients.
A standard CT scan was obtained from the vertex to mid-thigh to provide attenuation
correction information to PET and anatomical information to localize the lesions. The
parameters of the standard CT were as follows: a fixed tube voltage of 120 kV, an auto-
mAs technique for dose modulation, pitch factor of 0.9625 and 0.5-second gantry rota-
tion time. Subsequently, a whole-body PET were obtained in 10 min for the bed covering
upper abdominal region to generate RG PET images and 2 min per bed position for
other regions. All the above-mentioned scans were acquired during free breathing with-
out voice instruction. Immediately after the FB acquisition, a hybrid breath-hold PET/
CT was acquired without any change of the patient position. Patients were instructed to
hold his/her breathe in deep inspiration status during both CT and PET scans. A BH CT
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was performed, followed by a 20-second BH PET acquisition of the same axial range as
the RG PET. The acquisition protocol of BH CT was the same as the standard CT.

Both CT images were reconstructed using a soft tissue kernel for the vendor-provided
standard iterative algorithm. The 10-min acquired data were rebinned to a 2-min non-
gated PET (referred to as FB PET) data, which were used to represent the free breath
PET in clinical routine. In addition, 6-bin gated images were generated from the 10-min
data. BH PET images (referred to as BH_20 PET and BH_15 PET) were generated from
the 20-second BH PET data. All PET data were reconstructed using ordered subset
expectation maximization algorithm with the following parameters: 3 iterations, 10 sub-
sets, FOV of 600 mm, matrix of 192x192, slice thickness of 2.9 mm, a Gaussian filter
with full width half maximum of 4 mm. All PET reconstructions included the standard
corrections like decay, scatter, random, dead time, attenuation, and normalization.

Image analysis

Image analyses were performed on a dedicated workstation (uW1, R002, United Imaging
Healthcare, China). An experienced nuclear medicine physician (SXM, 10 years’ expe-
rience) first reviewed the data, and decided the best-match bin of the RG PET images
(referred to as RG PET) with the FB CT images, which were then split and used as a
reference in this study.

Semi-quantitative analysis

In the semi-quantitative analysis, a volume of interest (VOI) with a diameter of
30+3 mm was manually drawn on a homogenous area of the right liver lobe for all PET
series. The mean standardized uptake value (SUV) and standard deviation (SD) within
the VOI were obtained, and coefficient of variation (COV) was calculated by dividing
the SD by the SUV,,
lesions in the upper abdomen (up to 5 per patient) and identified the correspond-

can- Ihe physician reviewed RG PET images and randomly selected
ing ones in the FB and BH PET images. Lesions were measured using a 50% maximum
SUV (SUV,,,,) threshold, and SUV,

nax and metabolic tumor volume (MTV) of the tar-

get lesions were obtained. If the lesion was not successfully segmented, a small ellipsoid
VOI encompassing the lesion will be used to record the SUV,, .. Target-to-background
ratio (TBR) were calculated as a measure to indicate the lesion contrast. The percentage
difference to FB PET of RG and BH PET was calculated and compared (referred to as
%SUV-RG, %SUV-BH15, %SUV-BH20, and % MTV-RG, % MTV-BH15, % MTV-BH20.

). For each identified lesion, the location was categorized as organ-based (liver, pan-
creas, etc.) or metastatic lymph nodes. Subgroup analysis was performed based on the
lesion location, size and uptake.

Visual analysis

Two nuclear medicine physicians (LMX and MJY, both 5 years’ experience) performed
visual assessment independently with a randomized reading order of the PET series for
each patient. The patient clinical information, the acquisition and reconstruction infor-
mation were blinded to the readers. Both the physicians viewed PET and corresponding
CT images and assessed the image quality using a 5-point Likert scale in the follow-
ing three perspectives: motion artifact, diagnostic confidence, and PET and CT align-
ment (with 1=best and 5=worst). Images with a score of 3 and below were clinically



Zhang et al. EINMMI Physics (2024) 11:75 Page 5 of 16

acceptable. In case of discrepancy between readers, decisions were made by the above-
mentioned experienced nuclear medicine physician (SXM, 10 years’ experience). In a
subsequent week following the analysis, the three nuclear medicine physicians reviewed
all images in comparison with RG PET in a joint session and identified any additional
lesions, missed lesions, and changes in clinical management.

Statistical analysis

Continuous data are presented as the mean*SD and range. All statistical analysis was
performed using SPSS Statistics, version 27 (IBM, Armonk, NY, USA). All the param-
eters in the semi-quantitative analysis were tested for normality using the Kolmogorov-
Smirnov test and the two-tailed paired ¢-test was subsequently performed. Bonferroni
correction was applied for the multiple comparisons. Cohen’s kappa test was used to
evaluate inter-reader agreement. The scores in the visual analysis were subsequently
compared using the Wilcoxon signed-rank test. A p-value of less than 0.05 was consid-
ered statistically significant.

Results

A total of 23 patients (female/male: 8/15, age: 25-75 years) were finally included in the
study with two excluded participants. The demographic and clinical information of the
enrolled patients are listed in Table 1. Among them, 4 patients were scanned for ini-
tial diagnosis or staging, 6 patients were for treatment monitoring, and the remained 13
patients were for recurrence detection.

Table 1 Patient demographic characteristics

Parameter Value
Age (years) 541+11.7[25,75]
Weight (kg) 64.918.9 [49, 80]
Height (cm) 167.5+6.3[155,178]
Gender

Female 8+

Male 15+
BMI 23.1+29(17.7,283]
Injected activity (MBq) 262 +47[185, 335]
Uptake time (min) 91+231[62, 155]
Primary cancer type

Duodenum NET 1t

Gastric NET 1t

lleocecal NET "

Jejunum NET 1t

Lung NET 1

MEN ™"

Pheochromocytoma 1

Pancreatic NET 107

Rectum NET 3*

Small intestinal NET 1t

Thyroid NET "

Unknown origin 1t

Data are presented as the mean+standard deviation [minimum, maximum]
* Number of patients

BMI, body mass index; NET, neuroendocrine tumour; MEN, multiple endocrine neoplasia



Zhang et al. EINMMI Physics (2024) 11:75 Page 6 of 16

Semi quantitative analysis

In the semi-quantitative analysis, the uptake and noise in the liver were first analyzed.
The SUV,,.., of liver in FB, BH_15 and BH_20 PET demonstrated good agreement with
RG PET, indicating a high level of accuracy in PET quantification, as illustrated in Fig. 1.
In comparison to FB PET, the image quality of RG, BH_15 and BH_20 PET was signifi-
cantly degraded with a reduced COV value (p<0.05, p<0.001, and p<0.001, respec-
tively). This image quality degradation was primarily attributed to the limited counts
acquired from the short time. Subsequently, the clinical acceptability of these PET
images was assessed through visual analysis.

A total of 78 lesions were included in the analysis, and two out of 78 lesions were
unsuccessfully segmented and recorded only with SUV_,, information. The lesion SUV-
max i1 RG, BH_15 and BH_20 PET were all found significantly higher than that in FB PET
(p<0.01, p<0.001, and p<0.001, respectively), as illustrated in Fig. 2A. Furthermore,
compared to RG PET,
suggesting superior capability in elevating the lesion SUV measurements (p<0.001).

both the BH groups showed significantly increased lesion SUV,,,
Nevertheless, no significant difference was observed between both BH PET images
(p=1.0). In addition, %SUV-BH15 and %SUV-BH20 proved significantly higher than
%SUV-RG, indicating a more robust capability in recovering SUV measurements (both
p<0.001, Fig. 2B). Notably, there was no significant difference between %SUV-BH15 and
%SUV-BH20 (p=1.0). Figure 3 illustrates PET images of a 25-year-old female patient
diagnosed with pancreatic NET (G1) with bone and liver metastases. As observed in
the MIP images (upper row), lesions in the upper abdomen in FB PET are blurred with
severe distortion, while these distortion can be well recovered in RG and both BH PET
images. In the bottom row, RG PET and both BH PET can better image the lesions com-
pared to FB PET as indicated with a red hollow arrow. In addition, an increase in the
lesion SUV,,,,, was found as 13.04 for FB PET, 19.75 for RG PET, 25.85 for BH_15 PET,
and 25.09 for BH_20 PET.
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Fig. 1 Bland-Altman plots of liver SUV, .., in FB, BH_15, and BH_20 PET showed good agreement with that in RG
PET
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Fig. 2 Boxplots of (A) lesion SUV,,, and (B) percentage difference of lesion SUV,,, (%SUV) compared to the FB
PET. Compared to FB PET, lesion SUV,,, in RG, BH_15 and BH_20 groups was significantly higher. The percent-
age difference of lesion SUV,,,, in BH groups also showed significantly difference compared to RG group. How-
ever, there was no significant difference in lesion SUV,,, and percentage difference of lesion SUV, ., between
BH groups. SUV,,. the maximum of standardized uptake value; %SUV, percentage difference in lesion SUV,,,,
compared to FB PET; * p<0.05; ** p<0.01; *** p<0.001; ns, no significant difference
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Fig. 3 PET images of a 25-year-old female patients diagnosed with pancreatic NET (G1) with liver and bone me-
tastases. Severe distortion of lesions can be observed in both MIP and MPR images in FB PET, while these distortion
can be well recovered in RG and both BH PET. NET, neuroendocrine tumor; MIP, maximum intensity projection;
MPR, multi planar reconstruction; RG, respiratory gating; BH, breath hold

To investigate image contrast and lesion conspicuity, we employed TBR as a metric
and observed a significant elevation in TBR values for RG, BH_15 and BH_20 PET com-
pared to FB PET (all p<0.001, Fig. 4). There was a significant enhanced image contrast
in both BH PET images compared with RG PET images (both p<0.001), and no signifi-
cance was found between both BH PET images (p=1.0).

With regard to MTV, the mean of RG PET exhibited a comparable value with that
in FB PET without significant difference (p=0.094), but higher than those in both BH
PET (both p<0.001), as illustrated in Fig. 5A. Likewise, the MTV between both BH PET
images was not significantly different (p=0.750, Fig. 5A). Regarding the percentage dif-
ference in MTYV, we found that both BH PET had a significantly lower value than that in
RG PET (both p<0.001, Fig. 5B), indicating their capacity of BH PET to further reduce
the MTV compared to RG PET. Notably, there was no significant difference in the per-
centage difference in MTV between both BH PET (p=1.0).

In the subgroup analysis categorized by the tumor location, we observed varying sta-
tistical significances in liver tumors (#=60), pancreatic tumors (#=6) and lymph nodes
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and BH_20 PET were significantly higher, indicating a higher image contrast and a better lesion conspicuity. BH PET
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Fig.5 Boxplots of (A) lesion MTV and (B) percentage difference in MTV compared to FB PET.RG, BH_15 and BH_20
PET showed a significantly lower MTV than that in FB PET. Both BH PET had significantly reduced MTV compared
to RG PET, and no significance was found between BH groups. MTV, metabolic tumor volume; %MTV, percentage
difference in MTV compared to FB PET; **p <0.01; *** p < 0.001; ns, no significant difference; RG, respiratory gating;
BH, breath hold

(n=8). Regarding the lesion SUV,,,,

pared to RG and FB PET in liver and pancreatic tumors (all p<0.05), but no significant
difference in lymph nodes (p=1.0 for BH_15 and BH_20, Fig. 6). In addition, compared
to FB PET, RG PET only significantly enhanced the SUV_, measurement in liver tumors

max

both BH PET showed significantly increase com-

(p<0.01), but no statistical difference was found in pancreatic tumors and lymph nodes
(both p=1.0). In the analysis of MTYV, there were significant differences between both
BH PET and RG PET images in liver tumors (both p<0.001), but no significant differ-
ences in pancreatic tumors (p=0.650 and 0.630) and lymph nodes (both p=1.0). How-
ever, both BH PET significantly reduced MTV compared to FB PET in liver tumors
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Fig. 7 Subgroup analysis of (A) lesion SUV,, ... (B) MTV, and (C) target-to-background ratio (left: lesions with large
volume; right: lesions for small volume) for different lesion volume. Compared to FB PET, both BH PET can sig-
nificantly increase lesion SUV,,,,, TBR while reduce MTV in both groups. There was no significant difference in the
three metrics between both BH PET images. SUV,,,,. the maximum of standardized uptake value; MTV, metabolic
tumor volume; * p<0.05; ** p<0.01; *** p<0.001; ns, no significant difference; RG, respiratory gating; BH, breath
hold

(both p<0.001), but still showed comparable measurements in pancreatic tumors and
lymph nodes (both p=1.0). With regard to TBR, RG PET and both BH PET showed sig-
nificantly improved measurements compared to FB PET in liver (all p<0.001) and pan-
creatic tumors (all p<0.05), but not in lymph nodes. Notably, no significant difference
was observed between both BH PET images in the above analysis.

The subsequent subgroup analysis was performed based on the tumor size, with all
included lesions categorized into two groups with a cutoff value of 1.0 cm?: a large lesion
group (L-group) and a small lesion group (S-group) measured in RG PET images. In
the L-group (n=18), no significant difference was observed in lesion SUV, .., MTV and
TBR between FB and RG PET (all p=1.0), suggesting a limited effectiveness of the RG
technique in larger lesions (Fig. 7). However, SUV, .. in BH_20 PET was significantly
higher (p<0.01) while lesion SUV,,, in BH_15 PET was slightly elevated; MTV was
significantly reduced (both p<0.01); and the TBR was significantly improved (p<0.01,
and <0.001, respectively), compared to FB PET. This implies RG PET yielded compa-
rable quantitative measurements to FB PET in lesions with larger volumes, while both
BH PET showed significant or slight enhancement in these measurements. Conversely,
in the S-group (#=58), MTV in RG and both BH PET were significantly lower than
that in FB PET (p<0.05, 0.01 and 0.001, respectively), while SUV,,,,
elevated (p<0.01, 0.001 and 0.001, respectively). Consequently, TBR in RG and both
BH PET showed a significant improvement compared to FB PET (all p<0.001). More-
over, in these two subgroups, no significant difference was found in SUV,,,, MTV and

were significantly
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TBR between both BH PET groups, indicating comparable quantitative measurements
regardless of tumor size (L-group: p=0.462, 0.395, and 0.356; S-group: p=0.483, 0.265
and 0.736, respectively).

Lesion uptake served as another criteria for categorizing lesions into two subgroups: a
high uptake group (HU-group) and a low uptake group (LU-group), using a cutoff value
of 16.3 measured in RG PET images. In the HU-group (n=32), both BH PET exhibited
a significantly higher SUV,_ . and lower MTV compared with FB PET (all p<0.05), as
illustrated in Fig. 8. However, RG PET showed comparable SUV and MTV with FB PET
(both p=1.0). The TBR in RG PET was significantly higher than in FB PET (p<0.05),
and lower than in both BH PET (both p<0.001). No statistical significance was found
in SUV_,,, MTV and TBR between both BH groups. In contrast, in the LU-group low
uptake group (1=46), there was a significant difference in SUV,,, and TBR between RG
and FB PET (p<0.01, and 0.001, respectively), but no difference in MTV. However, both
BH groups exhibited a significantly higher SUV, ., (both p<0.001), lower MTV (both
»<0.01), and higher TBR (both p<0.001) compared to FB PET. Similarly, no statistical
significance was found in these three metrics between both BH groups (all p=1.0).

Visual analysis

The overall inter-reader agreement in the visual analysis demonstrated a Cohen’s kappa
of 0.719, representing a substantial agreement. The mean scores+SD for FB, RG, BH_15,
and BH_20 PET were as follows: for respiratory motion artifacts, 2.61+1.16, 1.61+0.72,
1.17£0.39, and 1.13+0.34; for overall diagnostic confidence, 1.56+0.73, 1.09+0.29,
1.13+£0.34, and 1.04+0.21; and for PET and CT alignment, 1.87+0.81, 1.87+0.76,
1.52+0.66, and 1.65%0.78. Regarding the respiratory motion artifacts, RG and both
BH PET exhibited significantly fewer artifacts compared to FB PET (p<0.01, 0.001, and
0.001, respectively), as illustrated in Fig. 9. Both BH PET showed significantly reduced
respiratory motion artifacts compared to RG PET (both p<0.05), suggesting a superior
performance of the BH approach in mitigating respiratory motion. No significant differ-
ence was observed between RG and both BH PET (both p=1.0) in terms of diagnostic
confidence, indicating a comparable performance for clinical use. However, all of them
showed significantly higher diagnostic confidence compared to FB PET (all p<0.05). As
shown in Fig. 10, a high uptake lesion (arrow) was found in a patient with rectum NET
for treatment monitoring and suspected of a metastatic lymph node or a metastasis of
gastric antrum in routine FB PET/CT images. However, the diagnostic confidence can
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Fig.8 Subgroup analysis of (A) lesion SUV,, .., (B) MTV, and (C) target-to-background ratio (left: lesions with higher
uptake; right: lesions for lower uptake) for different lesion SUV,.,,. BH PET can significantly increase lesion SUV,,,,
TBR while reduce MTV regardless of lesion SUV,,,,.. There was no significant difference in the three metrics between
both BH PET images. SUV,,..,, the maximum of standardized uptake value; MTV, metabolic tumor volume; * p < 0.05;
**p<0.01; ** p<0.001; ns, no significant difference; RG, respiratory gating; BH, breath hold
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Fig.9 Scores of visual analysis in the three perspectives: (A) respiratory motion artifacts; (B) diagnostic confidence;
(C) PET and CT alignment. Regarding the respiratory motion artifacts and diagnostic confidence, BH PET exhibited
significantly better performance than FB PET. However, there was no significant difference between FB, RG and
both BH PET regarding the PET and CT alignment. ** p < 0.01; *** p <0.001; ns, no significant difference; RG, respira-
tory gating; BH, breath hold

Fused FB PET/CT Fused RG PET/CT

N

Fused BH_15 PET/CT

Fused FB PET/CT

Fused BH_20 PET/CT

Fig. 10 PET/CT images of a 57-year-old male patient with rectum NET. The diagnostic confidence on the metas-
tasis (arrow) was improved in BH PET/CT compared with FB PET/CT. NET, neuroendocrine tumor; MIP, maximum
intensity projection; RG, respiratory gating; BH, breath hold

be improved in both BH PET/CT images. With regards to PET and CT alignment, no
significant difference was observed between PET series. Likewise, there was no signifi-
cant difference in the three perspectives between both BH PET images (p=1.0, 0.785,
and 1.0, respectively).

We employed RG PET as a reference for evaluating lesion detectability. In a patient-
base analysis, FB PET detected additional lesions (3/23) and both BH PET detected
even additional lesions (10/23). Missed lesions were observed in both BH PET (3/23),
while FB PET missed lesions in additional three patients (6/23 in total). Furthermore, we
found that these additional findings and omissions didn't alter the clinical management
in the present study due to the nature of multiple metastases in NETs.

Discussion

This study was designed to investigate the feasibility and effectiveness of a single deep-
inspiration breath-hold acquisition in [**F]AIE-NOTA-LM3 PET/CT imaging. The main
findings are as follows: (a) BH PET acquisition provides more accurate quantitative mea-
surements of SUV,_ .. and MTV and enhanced contrast in upper abdominal lesions in
comparison with conventional FB PET; (b) compared with RG PET, non-inferior results
were found in BH PET regarding the semi-quantitative metrics in overall lesions analy-
sis and subgroup analysis; additional and missed lesions were observed in BH PET but
without necessity to change the clinical management; (c)the effectiveness of BH PET
were found different in lesion location and volume compared to FB PET; (d) although

Page 11 of 16
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quality of BH PET images is generally inferior to that of RG PET and FB PET but they
were evaluated clinically acceptable; (e) BH_15 PET showed comparable performance
compared to BH_20 PET.

While RG technique is widely acknowledged in research, its applications in clinical
routines is constrained. The limitation arises from the complexity in the setting of exter-
nal device to capture respiratory signal and/or its prolonged scan time [7—11]. Therefore,
it may pose challenges to the daily clinical workflow, especially in busy sites and depart-
ments. In contrast, the BH approach only requires an additional short acquisition of
several seconds, resulting in minimal interruption to the clinical workflow. In previous
studies, the typical duration of a single BH acquisition was 20 s. However, research has
indicated that this duration may not be universally acceptable, particularly for certain
patient populations such as older individuals and those with underlying lung diseases
[18]. To explore a boarder feasibility, we utilized a novel PET/CT scanner with ultra-high
sensitivity, presenting the potential to further reduce the acquisition time in a BH scan.
In comparison with conventional BH_20 PET imaging, the BH_15 PET has demon-
strated comparable semi-quantitative metrics and clinical acceptability, making it more
feasible to a wider range of patients.

Gastrointestinal tract NETs are the most common type, and both primary and meta-
static NETs are often found in the upper abdomen, where they are inevitably impacted
by respiratory motion. Unlike the thorax, imaging tumors in the upper abdomen
encounters difficulties due to the high uptake of normal background tissue in PET imag-
ing. Respiratory motion can result in blurred lesions and reduced contrast between
lesions and background, making it difficult to confidently identify lesions for diagnosis.
In the CT part, lesions in these regions, such as those in the liver, are challenging or even
impossible to be identified because their density are similar to that of the surrounding
tissues. Therefore, when imaging NETs in the upper abdomen, efforts should be made
to mitigate or eliminate the respiratory motion artifacts. Respiratory gating technique
is well known for its effectiveness in minimizing the impact of respiratory motion in
PET imaging. In a previous study, the use of a prospective data-driven respiratory gat-
ing (DDG-RG) acquisition with ®®Ga-DOTANOC in patients with NETs demonstrated
superior results, showing increased lesion SUV and reduced lesion volume. However,
certain patients did not fully benefit from the DDG technique due to software triggering
requirements. Furthermore, the considerably prolonged scan time, up to 4 min per bed
position, still posed disruptions to the workflow during subsequent patient preparation
and presented notable challenges in clinical routines [31]. In contrast, the BH method is
more straightforward, requiring only an additional fast acquisition. Thus, its negligible
impact on daily workflow makes it feasible integrated in clinical routines.

In our study, the breath hold method has demonstrated the advantage of providing
more accurate quantitative measurements in PET imaging in lines with other research.
In the present study, the lesion SUV, ,, measured in BH_15 and BH_20 PET were up to
55.3% and 55.7% higher than those in FB PET. This increase can primarily be attributed
to two factors: the longer uptake time for BH PET and the BH method which can elimi-
nate the effects of respiratory motion. Since the interval between the FB and BH PET
acquisitions was within 10 min, the impact of uptake time is minimized. Therefore, the
observed difference in SUV can be largely attributed to respiratory motion. Such a SUV
increase is more prominent in liver lesions (62.8% and 64.3%), and less in pancreatic
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lesions (28.8% and 28.7%) and metastatic lymph nodes (19.2% and 14.0%). The increase
in liver and pancreatic lesions is quite comparable to a previous study using '*F-FDG
PET/CT imaging [16]. The increase in lesion SUV |
lesions with small volume (60.4% and 61.1%) and less pronounced in large volume(37.2%

ax also found more pronounced in
and 37.6%), suggesting that small lesions are more vulnerable to the respiratory motion.
In addition, in the analysis for lower- and higher-uptake lesions, similar result was found
in the two subgroups regarding %SUV-BH15 and %SUV-BH20. With regard to MTYV, the
measurements in BH_15 and BH_20 PET were decreased to 77.1% and 71.9% of those in
FB PET, in line with the findings using a BH or a RG technique [16, 17].

This research has demonstrated the diagnostic efficacy of a BH PET/CT imaging
protocol in clinical settings. In the visual analysis of the present study, we found both
BH PET can reduce the respiratory motion artifacts and provide adequate diagnostic
confidence. Moreover, with the BH CT, the misalignment between CT and PET can be
addressed, and the lesions can be better localized and characterized in both BH PET/
CT images. Figure 11 illustrates PET/CT images of a 52-year-old male patients diag-
nosed with NET of unknown origin. In PET MIP and fused images, the liver mass in
FB PET/CT, as indicated with an arrow, was noted in extrahepatic areas, but was more
precisely localized in the BH PET/CT images. Nevertheless, we observed a discrepancy
in the breathing phase during BH PET and CT acquisitions in 1 out of 23 patients. This
discrepancy can primarily be attributed to inadequate training on the procedure of deep
inspiration breath-hold. The study assumed that all patients could effectively sustain
breath-hold for a minimum of 20 s based on the findings from previous studies. How-
ever, our observations revealed that a particular patient held her breath at various phases
of the breathing cycle. Although 95.7% of the enrolled patients exhibited a successful
BH acquisition, it is crucial to provide training on deep inspiration and breath-hold
before the examination, especially when implementing this technique to elder patients
in clinical routines. Another concern is that performing BH CT to match the BH PET

FB PET RG PET BH_15 PET BH_20 PET

T

PET/CT 4@
gy

Fusion
(Coronal)

PET/CT
Fusion

(Sagittal) '

Fig. 11 PET/CT images of a 52-year-old male patient diagnosed with NET (G2) of unknown origin. Due to the re-
spiratory motion, the liver mass (arrow) exceeded the hepatic dome in the FB PET/CT images but was successfully
corrected in the BH PET/CT images. NET, neuroendocrine tumor; MIP, maximum intensity projection; RG, respira-
tory gating; BH, breath hold
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might introduce additional radiation exposure to patients. Therefore, it is essential to
implement training procedures to maximize the success rate of BH acquisition. Mean-
while, we found that 1 out of 23 patients had a shallow and irregular breathing pattern
during PET acquisition, resulting in the clinically unacceptable quality of the RG PET
images. However, it was noted that this particular patient could effectively cooperate
with the breath-hold acquisition. It is known that one of the limitations of the RG tech-
nique, regardless of amplitude-based or phase-based, is its insufficient ability to handle
such irregular breathing patterns. Thus, for these patients, BH acquisition can serve
as an alternative to RG PET. Compared with RG PET, the reference in our study, addi-
tional lesions have been identified in BH PET. RG technique has been proved useful in
mitigating the respiratory motion artifacts, but can’t work effectively for all individuals.
This attributes to the intrinsic limitation of the technique which relies on amplitude of
the respiratory signal. As observed in our department, the performance of RG imaging
on individuals with an asthenic habitus is suboptimal due to their shallow respiratory
amplitude. Due to the increased image noise, lesions were also missed in both BH PET.
All these findings didn't alter the clinical management because multiple metastases are
commonly found in NETs.

One of the limitations in the present study is the relatively small number of the
enrolled subjects using a single radiopharmaceutical. To address this limitation, a large-
scale investigation should be performed with more extensive patient cohort and vari-
ous radiopharmaceuticals. Additionally, incorporating additional training on patient
breath is advisable. Another limitation in our study is the lack of pathologic confirma-
tion of the additional identified lesions. While the decision was made by the experienced
nuclear medicine physicians, the accuracy of the diagnosis needs validation in future
study. Thirdly, although the acquisition times and protocols were anonymized, physi-
cians could still identify the BH PET images due to their relatively higher noise levels.
As a result, there may have been bias when physicians rated the images during the visual
analysis. Finally, the reconstruction parameters in BH PET were selected based on our
experience and were not optimized. We propose that optimizing these reconstruction
parameters in BH PET could potentially enhance its performance and feasibility.

Conclusion

The deep-inspiration breath-hold PET/CT acquisition is effective in [**F]AIF-NOTA-
LM3 imaging in NET patients with upper abdominal lesions as it can provide more
accurate quantitative measurements. Using a novel PET/CT scanner, a 15-second BH
PET imaging can provide comparable and better performance to the RG imaging, sug-
gesting its feasibility to provide complementary information to the routine FB PET/CT
imaging.
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