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Abstract

Purpose This study was to evaluate the effects of an ultra-low dose of [18F]-FDG on the image quality of total-body PET/
CT and its lesion detectability in colorectal cancer (CRC).

Methods Sixty-two CRC patients who underwent total-body PET/CT (uEXPLORER, United Imaging Healthcare, Shang-
hai, China) with an ultra-low dose (0.37 MBg/kg) of [18F]-FDG were enrolled in this retrospective study. The PET images
were reconstructed with the entire 15-min dataset first and then split into 13-, 8-, 5-, 4-, 3-, 2-, and 1-min duration groups to
simulate fast scanning images. For simplicity, the images reconstructed with the data from 15 to 1 min were referred to as
G15, G13, and so on until G1. Subjective image quality was assessed with 5-point Likert scales. The objective image quality
parameters included the SUVmax, SUVmean, and signal-to-noise ratio (SNR) of the liver and blood pool and the SUVmax
and tumor-to-background ratio (TBR) of the lesions. G15 served as the control to evaluate lesion detectability.

Results A total of 62 patients (43 men, 19 women; age 41-88, mean +SD 64.0 + 10.9 years) with 64 CRC primary tumor
lesions and 10 low-grade intraepithelial neoplasia (LGIN) lesions were enrolled in this study. The subjective scores were
highest for G15 (4.5+0.5) and then decreased from G13 (4.3 +£0.4) to G8 (3.7 +£0.5). The liver SNR increased with the
extension of acquisition time from G8 (17.2+2.8) to G13 (20.6 +3.4) and G15 (21.9 +3.4). The liver SNR of G8 was not
significantly different from that of G13 (p =0.15) and was significantly different from that of G15 (p=0.001). All 64 CRC
lesions could be identified in all image groups, even on G1. One of ten LGINs was missed on G1, G2, and G3, and one LGIN
was missed on G1, G2, G3, and G4. G15 served as the control, and 100% (48/48) lymph nodes could be found on G13 and
G8 compared to 93.8% (45/48) lymph nodes on G5 and G4, 85.4% (41/48) lymph nodes on G3, 81.3% (39/48) lymph nodes
on G2, and 77.1% (37/48) lymph nodes on G1. For liver metastases, there were no missed liver lesions on G13 and G8 and
3,4, 6,7, and 9 missed liver lesions on G5, G4, G3, G2, and G1, respectively. For other areas of metastasis, including the
lung, peritoneum, and ovaries, there were no missed lesions in any group.

Conclusions Total-body PET/CT with an ultra-low dose of [18F]-FDG can maintain satisfactory image quality and lesion
detectability in CRC.
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Introduction

Colorectal cancer (CRC) is the second leading cause of
cancer death and the third most frequently diagnosed can-
cer worldwide [1]. Positron emission tomography (PET)
integrated with computed tomography (CT) is recom-
mended to assess the resectability of potentially surgically
curable CRC according to the NCCN guidelines [2]. The
other uses of [18F]-FDG PET/CT in clinical practice for
CRC include diagnosing tumors, staging disease, restaging
disease, and evaluating treatment efficacy [3-6].

The axial field of view (AFOV) of conventional com-
mercial PET/CT is approximately 15 to 30 cm. This short
AFOV restricts the detection efficiency and sensitivity of
the system, leading to limited image quality. To acquire
whole-body PET images, conventional PET/CT still needs
5 to 9 bed positions to cover the entire torso and legs,
which not only reduces the throughput but also limits
the patients’ cooperation. Total-body PET/CT has been
introduced into clinical practice [7, 8]. This system has
an AFOV of 194 cm and was reported to have a spatial
resolution of 2.9 mm, with time-of-flight (TOF) capability
for a time resolution of ~430 ps and energy resolution of
11.7%, according to the NEMA NU-2 2018 protocol [9].
This system provided an ultra-high sensitivity of 174 kcps/
MBq and a peak noise-equivalent count rate (NECR) of
approximately 2 Mcps for total-body imaging [9].

With these improvements, total-body PET/CT could
provide competitive image quality with ultra-low tracer
activity. The first human imaging study with total-body
PET/CT incorporated an ultra-low dose of injected [18F]-
FDG (0.45 MBq/kg), and the images appeared to be of
good quality [10]. After that, several relevant studies were
undertaken by our center to test the clinical practicability
of total-body PET/CT [11-14]. In research on fast scan-
ning with a full dose of activity in oncological patients,
our team found that a 1-min acquisition time was adequate
for clinical diagnosis compared to a 15-min acquisition
time, although the image quality was degraded [11].
Another half-dose study of lung cancer revealed that a
2-min acquisition time achieved comparable image qual-
ity to the conventional PET/CT protocol [12]. Our recent
research also certified that total-body dynamic PET imag-
ing with ultra-low activity could obtain relevant kinetic
metrics of [18F]-FDG and comparable image contrast with
full-activity imaging [14].

Based on these previous studies, we used an ultra-low
dose (0.37 MBqg/kg) of [18F]-FDG with a 7-15-min scan
duration as one of the routine protocols in our center. Dif-
ferent cancers have different requirements for PET/CT
acquisition time and image reconstruction parameters due
to differences in the SUV measurements of lesions and

background tissues. We were curious whether protocols
could be optimized for one specific disease. Although
conventional PET/CT with [18F]-FDG is useful in the
N-staging and M-staging of CRC, its sensitivity for LN
metastases of CRC is low, and its sensitivity drops for
detecting liver metastases smaller than 10 mm [15, 16].
The improvement of sensitivity provided by the total-body
PET/CT equipment can increase the lesion detectability in
patient with malignant tumor. There have been no studies
on total-body PET/CT with an ultra-low dose of [18F]-
FDG in CRC. Therefore, in this study, we explored the
boundaries of acquisition time for ultra-low-dose [18F]-
FDG imaging in CRC and shared our initial experience,
providing reference for follow-up multicenter study about
total-body PET/CT with low-dose [18F]-FDG.

Materials and methods
Patients

This study was approved by the Medical Ethics Committee
of Zhongshan Hospital Affiliated to Fudan University (2019-
029R), and informed consent was obtained. From April 2020
to June 2021, a total of 91 consecutive patients with sus-
pected or diagnosed colorectal cancer underwent total-body
PET/CT with ultra-low dose (0.37 MBqg/kg) were analyzed.
The inclusive criteria for this study were as follows: (a) colo-
rectal cancer confirmed with a histologic examination, (b)
no previous chemotherapy, radiotherapy, or surgery before
PET/CT, and (c) no history of other malignancies. Among
the 91 patients, 29 were excluded from this study, as shown
in Fig. 1. A total of 62 patients fulfilled all the eligibility
criteria.

Total-body PET/CT examination

Patients received a weight-based (0.37 MBqg/kg) injection
of [18F]-FDG. All patients were required to avoid strenuous
exercise within 24 h and fast for at least 6 h before [18F]-
FDG imaging. Blood glucose levels were measured at the
time of [18F]-FDG injection. Before the [18F]-FDG injec-
tion, the fasting blood glucose level need to be less than
11 mmol/L. All patients rested quietly for approximately
60 min post-injection and then underwent PET/CT imaging
[17].

3D list-mode PET data were acquired for 15 min on
a total-body PET/CT (uEXPLORER, United Imag-
ing Healthcare, Shanghai, China) with a long AFOV of
194 cm. First, the PET images were reconstructed with the
entire 15-min dataset, and then the data were split into 13-,
8-, 5-, 4-, 3-, 2-, and 1-min duration groups to simulate fast
scanning images. For simplicity, the images reconstructed
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Fig.1 Study flowchart sum-
marizing the patient enrolment
process

Enrollment:
From April 2020 to June 2021

Patients with suspected or diagnosed colorectal cancer who underwent
total-body PET/CT with ultra-low dose '®F-FDG (n =91)

Patients excluded (n = 23)

1) Received chemotherapy , radiotherapy or operation before PET/CT imaging (n =11 )
2) No pathological results (n=4)

3) Benign bowel disease or non-colorectal cancer by pathology (n = 6)

4) History of other malignancies (n = 2)

Eligible patients ( n = 68) |

—

Patients excluded (n = 6)
1) Injection extravasation with '8F-FDG (n = 2)
2) Patients’ waiting time ranged out of 55-75 min after !8F-FDG injection (n=4)

Eligible patients (n = 62) |

from the 15- to 1-min datasets were referred to as G15,
G13, G8, G5, G4, G3, G2, and G1 in the rest of this paper.
All PET images were reconstructed with the ordered sub-
set expectation maximization algorithm (OSEM) with the
following parameters: TOF and PSF modeling, 2 itera-
tions and 20 subsets, matrix 192 X 192, slice thickness
1.443 mm, FOV 600 mm (pixel size 3.125x3.125x2.89
mm?®) with a Gaussian postfilter (3 mm), and all necessary
corrections, such as attenuation and scatter correction. The
details of the CT scan parameters were as follows: tube
voltage 120 kV, tube current 140 mAs, pitch 1.0, collima-
tion 0.5 mm, and reconstructed slice thickness 0.5 mm.

Fig.2 Schematic diagram
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Qualitative PET/CT image analysis

The acquired images were analyzed by two nuclear medicine
physicians with 10 years of experience. A vendor-provided
workstation (uUWS-MI, United Imaging Healthcare) was used
to process the data. For accuracy, two readers evaluated the
images individually. They assessed subjective image quality
with 5-point Likert scales [18]. The scoring criteria were
as follows: 1 for very poor image quality, 2 for poor image
quality, 3 for average image quality, 4 for good image qual-
ity, and 5 for very good image quality. The schematic dia-
gram is shown in Fig. 2. Only images with scores of 3 and
higher were defined as qualified to meet the need for clinical
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diagnosis. Images with scores under 3 did not meet the need
for clinical diagnosis.

The objective image quality evaluations were performed
by an experienced nuclear medicine physician. A 2D cir-
cular region of interest (ROI) avoided the vessel walls was
placed in the ascending aorta root, which was considered
as the blood pool. The maximum standard uptake value
(SUVmax), mean standard uptake value (SUVmean), and
the standard deviation (SD) of the ROI in the blood pool
were recorded. The signal-to-noise ratio (SNR) of the
blood pool was calculated by dividing the SUVmean by
its SD. Four circular 2D ROIs were placed in the following
sites in the liver: (1) hepatic dome, (2) right posterior lobe
in portal vein layer, (3) left lobe in portal vein layer, and (4)
inferior horn of right lobe of liver. The diameters of these
four ROIs were 20 mm, and the ROIs avoided intrahepatic
lesions and large blood vessels. The SUVmax, SUVmean,
and SD of the ROIs of the four different liver lesions were
recorded, and an average was taken to represent the final
SUVmax, SUVmean, and SD of the liver. The calculation
of the liver SNR was the same as that of the blood pool. To
ensure that the size and location of the ROIs were identi-
cal for each patient’s images, the ROI measurements were
made first on G15, and then the copy-and-paste function
was used to measure the lesion on G13, G11, G8, and so
on down to G1.

Volumes of interest (VOIs) were placed on lesions in
the colorectum, lymph nodes, liver, and metastases to other
organs for SUVmax measurements. If multiple lesions of
the colorectum and lymph nodes were found, all of them
were analyzed in this study. All patients with fewer than 10
liver lesions, all of them were analyzed in this study. How-
ever, for cases of more than 10 liver lesions, we selected
the largest lesion for analysis in this study. The tumor-to-
background ratio (TBR) was calculated by dividing the
SUVmax of the lesions by the SUVmean of the liver. To
ensure that the size and location of the VOIs were identical
across each patient’s images, the VOI measurements were
made first on G135, and then the copy-and-paste function
was used to measure the lesion on G13, G11, G8, and so
on down to G1.

Lesion detectability

In this study, lesion detectability was measured by the
lesion detection rate. Two nuclear medicine physicians
who assessed the subjective image quality read all PET
images in a joint session. The order of the images was
randomized to avoid the memory effect. All FDG-avid
lesions, including colorectal, lymph node, and liver lesions
as well as metastatic lesions in other organs were counted
only if they could be confidently identified by the readers.
The location of the lesion was recorded. The results of

G15 served as the control to assess lesion detectability in
the other groups. Lymph nodes were graded as malignant
or benign based on functional criteria on PET/CT, and
the metastatic lymph nodes were categorized as positive
based on their increased [18F]-FDG uptake relative to the
surrounding background, independent of their size. A true
positive was defined as a match between the location of the
metastatic lymph nodes on pathologic examination and the
location of the positive lymph nodes on [18F]-FDG PET/
CT imaging.

Statistical analysis

Statistical analyses were performed with SPSS 23.0 soft-
ware for Windows (IBM SPSS Inc., Armonk, NY, USA),
and p values < 0.05 were considered significant. The inter-
rater agreement of subjective image scores was tested with
the weighted kappa test, and a kappa value >0.81 was
considered to indicate excellent agreement. Friedman’s
test with post hoc comparisons Bonferroni-adjusted for
multiple comparisons was used to compare differences in
the subjective image quality score and lesion SUV's among
groups.

Results
Patient characteristics

A total of 62 patients (43 men and 19 women) were enrolled
in this study, with an average age of 64.0+10.9 years and
body mass index (BMI) of 23.8 +3.4 kg/m?. The injected
FDG dose was 25.3+4.8 MBq. The average blood glucose
level before injection was 5.8 + 1.0 mmol/L. The details are
listed in Table 1.

There were 51 patients who underwent colorectal can-
cer surgery performed by experienced colorectal surgeons,
and at least 12 LNs were harvested. The diagnoses of the
remaining 11 patients were pathologically confirmed
through colonoscopy. All 51 patients were pathologically
staged according to the 8th American Joint Committee on
Cancer (AJCC) staging system. Liver surgery was per-
formed in 3 out of 62 patients. In total, 62 patients had
a total of 64 colorectal cancer lesions and 10 low-grade
intraepithelial neoplasia (LGIN) lesions certified by pathol-
ogy. Three patients with colorectal adenocarcinoma were
diagnosed with two other LGIN lesions. Two patients with
colorectal adenocarcinoma were diagnosed with another
tubular adenoma with LGIN. One patient had two adeno-
carcinoma lesions of the transverse colon and colonic
hepatic flexure. One patient with two adenocarcinoma
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Table 1 Clinicopathological characteristics of the 62 patients who g
underwent total-body PET/CT with an ultra-low dose of '*F-FDG 2
— 5 [2232zozg
Characteristic Value 5 $| H o+ g| :l HoH OH
= 0 o I~ o0
Age (years) 64.0+10.9 < R N
(range
41-88)
et
Sex goqQ
&y B
Male 43 (69.4%) »5 2
Q
Female 19 (30.6%) S| rococococoo
BMI (kg/m?) 23.8+3.4 Q
]
Blood glucose before injection (mmol/L) 5.8+1.0 § .
Injected dose (MBq) 253+4.8 f’ g
Waiting time (min) 63.7£6.5 E Eloe®S coooo
Overall sta;
ge e
I 11 (17.7%) S
Il 16 (25.8%) o o
@B
III 24 (38.7%) g =
v 11 (17.7%) Iad|low2R7F 2o
Clinical T stage fr
T 2(3.2%) 5
SRS
T2 10 (16.1%) 25
9
T3 24 (38.7%) g 3 - o e o
T4 26 (41.9%) &} Y|lo oo+ ~F <+ o
Clinical N stage
NO 29 (46.8%) -
5§ ¢
N1 20 (32.2%) = o _qg
0 =
N2 13 (21.0%) 28 3 w o
N XK|looo o —~— =&
Clinical M stage
MO 51 (82.3%)
M1 11 (17.7%) 8 ~ —
Q
Primary site of colorectal cancer & o g
Colon 30 (48.4%) f28|le%cccocos
Rectum 32 (51.6%) a
Primary tumor size(mm) 41.1+£17.0 L
g 3
T 5
. . . . . . 8 g ~ ©
lesions in the colonic splenic flexure and sigmoid colon A HKlox ¥ —~oocoo
was diagnosed with another two LGIN lesions. o
=}
2
Subjective image quality scores % P
o <
Z~ 9 O 0 ®© o
The inter-reader agreement of subjective image quality was 5 <o xElos =n S doo
excellent (kappa=0.875). Table 2 shows the values of the E 3
. . . . . . =
subjective image quality scores. The average subjective score E SR
was highest for G15 (4.5+0.5) and then decreased from G13 = :é 8
=} <
(4.3+0.4) to G8 (3.7+0.5), G5 (3.2+0.4), G4 (3.0+0.3), S8 RBlocococwTrgen
G3 (2.3+0.4), G2 (1.8+0.3), and G1 (1.0+0.0). For G5, é" o
G8, G13, and G135, all of the image quality scores were equal =18
. . o« . > ~
to or greater than 3 points, thus meeting the needs of clini- e —~
. . . . o | 8
cal diagnosis. The frequency of image quality scores of 4-5 £ |3 -;.E
points was higher for G15 than for G8. The average scores Yl 2|lecocococowx9h
. (o]
for G8 and G15 were 3.7+0.5 and 4.5 +0.5, respectively, 2 - "
with a significant difference (p =0.012). e lE C03838800
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Objective evaluation of PET/CT image quality

As shown in Table 3, the liver SNR increased with the
extension of acquisition time from G1 (7.1+1.2) to G2
(9.8+2.0), G3 (11.6+2.2), G4 (13.1+2.2), G5 (14.6 +2.5),
G8(17.2+2.8), G13 (20.6+3.4), and G15 (21.9+3.4). The
liver SNR on G8 was not significantly different from that on
G13 (p=0.15) and was significantly different from that on
G15 (p=0.001). In addition, the liver SUVmax decreased
from G8 (3.1+0.5) to G13 (3.0+0.5) and G15 (3.0+0.5),
with a significant difference between G8 and G13 (p=0.03).
All the liver SUVmean measurements on G8, G13, and G15
were 2.7 +0.5, with no significant difference between G8
and G13 (p=0.19) or between G13 and G15 (p=0.25). The
SNRs of the blood pool on G8 and G15 were 18.1+4.8
and 21.9+ 5.6, respectively, with no significant difference
(p=0.22). The SUVmax of the blood pool on G8 and G15
were 2.2+0.4 and 2.1 +0.4, respectively, which was a signif-
icant difference (p=0.015). The SUVmean of the blood pool
on G8 (2.0+0.4) was higher than that on G15 (1.9+0.4),
with p <0.05. The details are listed in Table 3.

Image analysis of the lesions
Table 4 shows the SUVmax of the colorectal lesions on
G1 (21.1+12.6), G2 (24.0+13.8), G3 (25.1+14.2), G4

(25.3+14.1), G5 (24.9+13.8), G8 (24.5+13.1), G13
(24.1 £12.8), and G15 (24.0+12.9), with no significant

Table 3 The objective image quality values (mean and SD)

difference between G8 and G15 (p=1.00). The TBRs of
the colorectal lesions on G8 (9.2+4.9) and G15 (9.1+4.9)
were not significantly different (p =1.00). The SUVmax and
TBR of lymph nodes were not significantly different between
G8 (8.4+6.7 and 3.3 +2.5, respectively) and G15 (8.6 +6.7
and 3.5+2.5, respectively), with p=1.00 and p =0.32. The
SUVmax and TBR of liver lesions were not significantly
different between G8 (8.4 +4.8 and 3.6 + 2.4, respectively)
and G15 (8.7+4.7 and 3.8 +2.4, respectively), with p=1.00
for both. Other areas with metastasis included the lung, peri-
toneum and ovaries in this study. The SUVmax and TBR of
other lesions were not significantly different between G8
(8.4+5.9 and 3.5+2.4, respectively) and G15 (8.7 +6.2 and
3.7+2.6, respectively), with p=1.00 for both. The details
are listed in Table 4.

Lesion detectability

The results of G15 served as the control to assess lesion
detectability in the other groups. In the 74 colorectal lesions
(10 LGIN lesions, 64 CRC lesions), all 64 CRC lesions
could be identified on all images, even G1. One of ten LGIN
lesions was missed on G1, G2, and G3 and could be identi-
fied on G4, G5, G8, G13, and G15, and one of ten LGIN
lesions was missed on G1, G2, G3, and G4 and could be
identified on G5, G8, G13, and G15. The other eight LGIN
lesions were avid on all images, even G1. The images of the
patient with missed LGIN lesions are shown in Fig. 3.

Group Gl G2 G3 G4 G5 G8 G13 G15
Blood pool SUVmax 2.7+0.6 24+0.6 2.3+0.5 2.3+0.5 2.2+0.5 22+04 2.1+04 2.1+04
Blood pool SUVmean 2.0+0.5 20+0.4 20+04 20+0.4 2.0+04 2.0+04 1.9+04 1.9+0.4
Blood pool SNR 7.7+2.3 10.6+£2.6 12.7+2.7 14.6+3.7 16.0+4.3 18.1+4.8 21.8+5.6 21.9+5.6
Liver SUVmax 3.8+0.7 3.5+0.6 3.3+0.6 32+0.6 32+0.6 3.1+0.5 3.0+0.5 3.0+0.5
Liver SUVmean 2.8+0.5 2.84+0.5 2.8+0.5 2.7+0.5 2.7+0.5 2.7+0.5 2.7+0.5 2.7+0.5
Liver SNR 7.1x1.2 9.8+2.0 11.6+2.2 13.1+£2.2 14.6+2.5 17.2+2.8 20.6+3.4 219+3.4
Table 4 The SUVmax and TBR measurements of the lesions (mean and SD)

Measurement Gl G2 G3 G4 G5 G8 Gl13 Gl15

SUVmax of colorectal lesions

21.1+12.6 24.0+13.8 251x+142 253+14.1

249+13.8 245+13.1 24.1+12.8 24.0+129

TBR of colorectal lesions 7.7+4.4 8.8+5.0 9.3+5.2 94+52 9.3+5.1 9.2+49 9.1+4.9 9.1+4.9
SUVmax of lymph node lesions 64+4.8 6.8+5.8 74+6.5 7.8+6.5 8.1+6.6 8.4+6.7 8.5+6.7 8.6+6.7
TBR of lymph node lesions 25+1.7 2.6+2.0 29+24 31+25 32425 33+25 3.5+26 3.5+25
SUVmax of liver lesions 79+4.4 7.7+43 7.9+4.7 8.2+4.38 8.4+4.8 8.4+4.38 8.6+4.7 8.7+4.7
TBR of liver lesions 32422 33+23 34424 35425 36+2.5 3.6+24 37+24 38+24
SUVmax of other areas of metastasis 6.1 +4.6 6.1+4.7 7.0+5.1 74+5.5 7.7+£5.6 84+59 8.6+6.2 8.7+6.2
TBR of other areas of metastasis 25+1.9 25+19 29+2.1 3122 32423 35+24 3.6+2.6 3.7+2.6

TBR, tumor-to-liver background ratio; other areas of metastasis include the lung, peritoneum, and ovaries
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Fig.3 A 58-year-old male with adenocarcinoma of the splenic flexure
of the colon diagnosed with one LGIN lesion and two liver metasta-
ses by pathology. No positive peri-intestinal lymph nodes were found
after surgery. (A) The MIP of the groups with different reconstruction
times. The reviewers had the same score, and the subjective image

Lymph node metastasis was identified by postopera-
tive pathology in 51 patients. G15 served as the control, on
which 48 FDG-positive lymph nodes were identified. On
G13 and G8, 100% (48/48) lymph nodes were found, com-
pared to 93.8% (45/48) lymph nodes on G5 and G4, 85.4%
(41/48) lymph nodes on G3, 81.3% (39/48) lymph nodes
on G2, and 77.1% (37/48) lymph nodes on G1. The short
diameters of the missed lymph nodes were less than 9 mm.
Four lymph nodes were false positives, which was consistent
across groups. A total of 53 lymph nodes turned out to be
false negatives, which was consistent across groups. A typi-
cal patient with extensive regional lymph node metastasis
is shown in Fig. 4.

Liver metastases were identified by PET/CT in 10 of 62
patients. There were 4 patients with more than 10 lesions,
2 patients with 7 lesions, and 2 patients with 2 lesions, and
the remaining 2 had one lesion. G15 served as the control,
and there were no missed liver lesions on G13 and G8. In
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quality scores were 1 (Gl and G2), 2 (G3), 3 (G4 and G5), 4 (G8
and G13), and 5 (G15). (B) The corresponding axial images showed
LGIN lesion in colon descendens. The visualization of LGIN lesion
was negative on G1, G2, G3, G4, and G5 and positive on G8, G13,
and G15

total, 3, 4, 6, 7, and 9 liver lesions were missed on G5, G4,
G3, G2, and G1, respectively. The images of a patient with
missed liver lesions are shown in Fig. 5. The diameter of
all missed liver lesions was less than 15 mm. Metastasis
in other areas, including the lung, peritoneum, and ovaries,
was identified by PET/CT in 7 of 62 patients. G15 served as
the control, and there were no missed lesions in any group.

Discussion

Before the clinical application of total-body PET/CT, the
implications brought by a long AFOV and wider accept-
ance angle were intensively discussed [19]. It was estimated
in simulations that gains of up to 40-fold in the effective
count rate could be made [20]. Theoretically, an increase
in sensitivity could result in a reduction in injected activ-
ity and acquisition time in clinical applications [21, 22].
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Fig.4 A 6l1-year-old female with adenocarcinoma of the sigmoid
colon diagnosed by pathology. A total of 13 peri-intestinal lymph
nodes were resected, all of which were negative, and one cancerous
nodule was found by pathology. The last column shows the 15-min
PET/CT fusion images, which showed thickening of the sigmoid
colon with abnormal glucose metabolism and enlargement of part of
the lymph node next to the left iliac artery and para-aortic region with
increased glucose metabolism (shown by the white arrow). (A) The
lesion of the sigmoid colon was FDG-avid in each duration group.

As mentioned in the “Introduction” section, our previous
research has suggested that ultra-low-dose imaging is pos-
sible in clinical practice. In this study on a single disease, we
certified the utility of total-body PET imaging with ultra-low
[18F]-FDG activity in the clinical diagnosis of colorectal
cancer. We attempted to optimize the scanning protocol for
one typical disease by reducing the acquisition time and
provided our initial experience for the compilation of future
clinical guidelines.

The image quality of G8 met the clinical diagnosis needs
for CRC without affecting lesion detectability. Regarding
subjective image quality scores, G8 (3.7 +0.5) had good
quality, with all image scores equal to or greater than 3
points. In terms of objective image quality evaluations, the
liver SNR of G8 was not significantly different from the liver
SNR of G13 (p=0.15), but was significantly different from
that of G15 (p=0.001). G15 served as the control. For colo-
rectal lesions, liver lesions and other metastases were taken
into consideration, and all of them could be identified on G8.

The SNR of the liver and blood pool gradually declined
from G15 to G1. The shorter the acquisition time, the poorer
the PET image quality was, which was consistent with pre-
vious studies [23]. This is because the number of measured
counts is reduced along with the reduced acquisition time.
Additionally, we found that the shortened acquisition time

(B) The lymph nodes next to the left iliac artery were FDG-avid in
each duration group, despite the limited image quality of G1 and G2.
(C) The enlarged lymph nodes of the para-aortic region were FDG-
negative on G1 and G2 but FDG-avid on G3, G4, G5, G8, G13, and
G15. (D) The para-aortic region lymph node was FDG-negative on
G1, G2, and G3 but FDG-avid on G4, G5, G8, G13, and G15. (E)
The para-aortic region lymph node was FDG-negative on G1, G2,
G3, G4, and G5 but FDG-avid on G8, G13, and G15

was accompanied by an increase in both the mean and SD
of SUVmax in the liver and the blood pool. In other words,
the shortened acquisition time led to deviations in SUVmax
caused by noise, as discussed in the research by Halpern
et al. [24]. This phenomenon did not occur for the SUVmax
of lesions. Therefore, the TBR was not significantly different
among G8, G13, and G15 (all p>0.05).

Prior studies found that the specificity of traditional
[18F]-FDG PET/CT was relatively high in predicting
regional lymph node metastasis in colorectal cancer patients
[25-27]. Post-operative inflammation or post-treatment
changes were possible reasons for false-positive lymph node
findings [28]. In this study, the patients did not receive any
treatment before PET/CT imaging. Therefore, the number
of false-positive lymph nodes in this total-body PET/CT
study was quite small. We observed 4 false-positive lymph
nodes, and 1 of them was attributed to peri-intestinal scat-
tering artifacts that occurred in one patient. In this study, a
high false-negative rate for lymph nodes was observed with
total-body [18F]-FDG PET/CT, similar to in other studies
using conventional PET/CT [29]. The high false-negative
rate is mainly due to the following reasons. The partial vol-
ume effect causes an underestimation of radioactivity con-
centration for small lymph nodes. For some fused lymph
nodes, the number of lymph nodes was underestimated by
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Fig.5 A 68-year-old male with adenocarcinoma of the rectum diag-
nosed by pathology of colonoscopy samples. The last column shows
the 15-min PET/CT fusion images, which showed thickening and
stenosis of the rectum with abnormal glucose metabolism and mul-
tiple liver metastases with abnormal glucose metabolism (shown by
the white arrow). (A) The rectal lesion was FDG-avid in each dura-
tion group. (B, C) The liver lesions were FDG-avid in each duration

PET/CT compared with that by pathology. Metastatic lymph
nodes are usually smaller than primary tumors, and adjacent
lymph nodes may not be visible as separate structures on
PET images.

There were some potential limitations in this study.
We excluded patients who were waited time range out of
55-75 min after the [18F]-FDG injection when design-
ing this study. This was because we preferred comparable
results that followed that EANM guidelines. However, due
to its ultra-high sensitivity, total-body PET/CT could have
provided images with good quality even if the waiting time
was extended. Nonetheless, further research is needed to
reveal the recommended waiting time for total-body PET/
CT. In this single-center study, selection bias might exist
because of the limited population. Obesity affects PET
image quality because of high photon attenuation and scat-
ter. There was no further stratified analysis based on body
weight in this study because of the relatively small popula-
tion. Our study applied the fixed reconstruction method,
not the newer generation of PET image reconstruction
algorithms such as Bayes penalized reconstruction or deep
learning techniques, which will also affect the PET image
quality. Our study mainly focused on the analysis of PET
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group, despite the limited image quality of G1 and G2. (D) The lesion
in the right posterior lobe of the liver was FDG-negative on G1, G2,
G3, G4, and G5 but FDG-avid on G8, G13, and G15; the remaining
two lesions were FDG-avid in each duration group. (E) The lesion in
the lower corner of the right lobe of the liver was FDG-negative on
G1, G2, and G3 but FDG-avid on G4, G5 G8, G13, and G15

images and not on CT images. In addition, our study was
based on FDG injection protocols, and the findings may
not be extrapolated to tracers beyond FDG.

With an ultra-high system sensitivity, total-body PET/
CT is bound to benefit patients in various fields. Reduc-
ing the injected activity and acquisition time was the most
meaningful innovation that could benefit patients. This
preliminary experience in our center showed that ultra-
low-dose [18F]-FDG PET/CT imaging was feasible in the
clinical diagnosis and staging of early colorectal cancer. In
terms of the PET reconstruction parameters in this study,
total-body PET/CT with an ultra-low dose of [18F]-FDG
can maintain satisfactory image quality and lesion detect-
ability in CRC. The 8-min acquisition time could meet the
clinical needs of colorectal cancer.
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