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Abstract 

Background: Conventional PET/CT imaging reconstruction is typically performed 
using voxel size of 3.0–4.0 mm in three axes. It is hypothesized that a smaller voxel 
sizes could improve the accuracy of small lesion detection. This study aims to explore 
the advantages and conditions of small voxel imaging on clinical application.

Methods: Both NEMA IQ phantom and 30 patients with an injected dose of 3.7 MBq/
kg were scanned using a total-body PET/CT (uEXPLORER). Images were reconstructed 
using matrices of 192 × 192, 512 × 512, and 1024 × 1024 with scanning duration 
of 3 min, 5 min, 8 min, and 10 min, respectively.

Results: In the phantom study, the contrast recovery coefficient reached the maxi-
mum in matrix group of 512 × 512, and background variability increased as voxel size 
decreased. In the clinical study,  SUVmax, SD, and TLR increased, while SNR decreased 
as the voxel size decreased. When the scanning duration increased, SNR increased, 
while  SUVmax, SD, and TLR decreased. The  SUVmean was more reluctant to the changes 
in imaging matrix and scanning duration. The mean subjective scores for all 512 × 512 
groups and 1024 × 1024 groups (scanning duration ≥ 8 min) were over three points. 
One false-positive lesion was found in groups of 512 × 512 with scanning duration 
of 3 min, 1024 × 1024 with 3 min and 5 min, respectively. Meanwhile, the false-nega-
tive lesions found in group of 192 × 192 with duration of 3 min and 5 min, 512 × 512 
with 3 min and 1024 × 1024 with 3 min and 5 min were 5, 4, 1, 4, and 1, respectively. 
The reconstruction time and storage space occupation were significantly increased 
as the imaging matrix increased.

Conclusions: PET/CT imaging with smaller voxel can improve  SUVmax and TLR 
of lesions, which is advantageous for the diagnosis of small or hypometabolic lesions 
if with sufficient counts. With an 18F-FDG injection dose of 3.7 MBq/kg, uEXPLORER PET/
CT imaging using matrix of 512 × 512 with 5 min or 1024 × 1024 with 8 min can meet 
the image requirements for clinical use.
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Background
Positron emission tomography/computed tomography (PET/CT) can provide both 
morphological features and metabolic functional information simultaneously, which 
is widely used for tumor diagnosis, staging, restaging, treatment evaluation, etc. [1, 
2].

Diagnostic accuracy in PET/CT highly depends on the image quality, including the 
parameters like signal-to-noise ratio (SNR), spatial resolution, partial volume effect 
(PVE), and target-to-nontarget ratio (T/NT). Images of different sizes will significantly 
affect the image quality in clinical application; thus, the aforementioned parameters 
need to be balanced for a better image quality. However, limited by the intrinsic physical 
and technical shortages such as short physical coverage, the low intrinsic spatial resolu-
tion and photon detection efficiency make it difficult to detect small lesions using a large 
imaging matrix in PET imaging [3]. Nowadays, many methods in both hardware and 
software have been applied to improve image quality, such as longer axis scanners, new 
scintillation crystals, new photomultiplier, time-of-flight (TOF) [4], point spread func-
tion (PSF) [5], and new reconstruction algorithms [6, 7].

The conventional clinical PET scanners typically have an axial field-of-view (AFOV) 
of 15–30 cm, resulting in limited coverage and relatively low photon detection efficiency 
[8]. Limited by the low system sensitivity, the conventional PET/CT image reconstruc-
tion is traditionally performed using a voxel size in a range of 3.0–4.0 mm in the three 
perpendicular directions [9]. Typically a larger voxel size results in a lower spatial resolu-
tion of the reconstructed PET image, which limits the display of small lesions, especially 
those with low metabolism uptake [10]. A smaller voxel size PET imaging has demon-
strated the potential advantages of improved image quality and diagnosis accuracy in 
a number of preclinical and clinical studies [11–13]. A few studies have evaluated the 
use of small voxel imaging such as 2 × 2 × 2  mm3 in conventional PET/CT to improve 
signal-to-noise ratios in a phantom study, demonstrating the potential of small voxel 
imaging in improving the accuracy of small lesion detection [14, 15]. Taking advantages 
of the development of the long-axial PET/CT technology, the uEXPLORER PET/CT 
scanner (United Imaging Healthcare, Shanghai, China) with an axial coverage of 194 cm 
increases the effective count rate by about 40 times than that of conventional PET scan-
ners [16, 17], leading to tremendous progress in system sensitivity. Previous studies have 
proved that uEXPLORER PET/CT can shorten acquisition time or reduce the injected 
dose while maintaining comparable image quality and lesion detectability relative to the 
conventional short-axis PET/CT in oncological studies [18, 19]. The high sensitivity of 
uEXPLORER has allowed the investigation of exploring the diagnosis accuracy of small 
lesion by using small voxel imaging.

So far, it is not clear whether the total-body PET/CT imaging with a smaller voxel size 
(1.2 × 1.2 × 1.4  mm3 or even smaller as 0.6 × 0.6 × 1.4  mm3) could be applicable for clini-
cal use with the same acquisition time and radiotracer dose condition as that the con-
ventional PET/CT does.

In this study, we will explore the benefits of detecting and evaluating small or hypo-
metabolic lesions brought by using the long-axis PET/CT with smaller voxel imaging 
and find the recommended clinical conditions based on both phantom and clinical 
studies.
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Materials and methods
Phantom and clinical acquisition protocols

For the phantom study, the National Electrical Manufacturers Association (NEMA) 
NU-2–2018 image quality (IQ) phantom [20] was evaluated. All spheres were filled with 
an 18F-FDG solution at a sphere-to-background concentration ratio of 4:1 and with a 
background activity concentration of 5.3 kBq/ml. The IQ phantom was positioned with 
the spheres at the axial center of the PET FOV. A single-bed position was used with a 
scanning duration of 30 min.

This clinical study was approved by the Institutional Review Board of Zhongshan Hos-
pital, Fudan University. Thirty colorectal patients who underwent total-body 18F-FDG 
PET/CT for cancer diagnosis, staging, or restaging were retrospectively enrolled in this 
study, and the basic information about the patient and the lesions should be found in 
Table 1. The patients were refrained from strenuous exercise within 24 h and fasted for 
6 h before the injection of 18F-FDG with a dose of 3.7 MBq/kg. The blood glucose level 
should be less than 11 mmol/l according to the guideline of the European Association 
of Nuclear Medicine for FDG PET/CT oncological examinations [9]. All patients rested 
quietly for about 60 min after injection of 18F-FDG, and then total-body PET/CT scan 
was performed to acquire from the top of the skull to the soles of the feet for 15 min.

Both the phantom and patients were scanned in a list-mode using the uEXPLORER 
PET/CT scanner. Low-dose CT imaging is performed before PET acquisition for attenu-
ation correction and positioning. The CT scanning parameters were set as follows: tube 
voltage 120 kV, tube current 140 mAs, and pitch 1.0.

PET/CT image reconstruction

All the PET images were reconstructed using the ordered subset expectation maximi-
zation (OSEM) algorithm with TOF and PSF (OSEM-TOF-PSF) applied. For the phan-
tom study, two iterations, 20 subsets, 1.4 mm slice thickness, and 600 mm FOV with a 

Table 1 The basic information about patients and lesions

Characteristic Value

Age (years) 55.8 ± 12.7 (32–79)

Sex 30

 Male 17 (56.7%)

 Female 13 (43.3%)

BMI (kg/m2) 23.1 ± 3.3 (17.3–32.9)

Blood glucose before injection (mmol/L) 5.7 ± 1.3

Injected dose (MBq) 28.5 ± 6.7 (20.3–53.0)

Acquisition time (min) 15

Primary site of colorectal cancer

 Colon 20

 Rectum 10

Number of metastases 129

Size of metastases (mm)

  ≤ 7 35

  > 7 and ≤ 15 76

  > 15 and ≤ 25 18
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Gaussian post-filter of 3 mm were employed. For the clinical study, three iterations, 20 
subsets, slice thickness of 1.4 mm, and FOV of 600 mm with a Gaussian post-filter of 
3 mm were used to be consistent with the clinical application requirements. To make the 
large-matrix imaging reconstruction suitable for the routine clinical imaging needs, only 
images from the base of the skull to the root of the thigh were reconstructed. The images 
were corrected for radioactive decay, attenuation, scatter, random, and dead time. In the 
following context, each reconstruction group will be expressed as G192-3, representing 
the reconstruction imaging matrix of 192 by 192 with a scanning duration of 3 min. To 
roughly assess the effect of the matrix on the SNR and to determine the combinations of 
image matrices and scanning durations, G192-3, G512-3, and G1024-3 were pre-recon-
structed and the combinations selected in this study are shown in Table 2.

Image evaluation for phantom study

The time frames from the original 30-min duration were truncated to simulate shorter 
scanning durations, i.e., 3 min, 5 min, 8 min, and 10 min. The contrast recovery coef-
ficient (CRC) and background variability were calculated to evaluate the image quality of 
the combinations with different image matrices and scanning durations.

The local contrast recovery coefficient (CRC local) was defined by

where H is the average count within the region of interest (ROI) in the hot sphere, B 
is the average count in the annulus ROI around the spheres, and R is the experimental 
setup hot-to-background ratio.

For the cold source, CRC local is defined by

where C was the average count of the ROI in the cold sphere.
The background variability is defined as the standard deviation of the background ROI 

counts over B.
For evaluation, the CRC curve vs background variability was plotted for the combina-

tions with different image matrices and scanning duration.

CRClocal =

H

B
− 1

R− 1

CRClocal = 1−
C

B

Table 2 The combination of image matrices and scanning durations reconstructed for phantom 
and clinical study

Type Image matrix Voxel size  (mm3) Scanning 
duration 
(min)

Phantom 192 × 192 3.1 × 3.1 × 2.9 3; 5

512 × 512 1.2 × 1.2 × 2.9 3; 5; 8; 10

1024 × 1024 0.6 × 0.6 × 2.9

Clinical Patient 192 × 192 3.1 × 3.1 × 1.4 3; 5

512 × 512 1.2 × 1.2 × 1.4 3; 5; 8; 10

1024 × 1024 0.6 × 0.6 × 1.4
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Image evaluation for clinical Study

Objective analysis

The objective analysis of image quality was performed by two experienced nuclear radi-
ologists. To evaluate the blood pool, a circular ROI was drawn as large as possible in the 
descending aorta at the bronchial bifurcation. Two ROIs with a diameter of 20 mm were 
drawn in the right lobe and the left external lobe of the liver at the portal vein bifurca-
tion, and needed to avoid any lesions and large vessels. Two ROIs with a diameter of 
20 mm were placed in the bilateral gluteus maximus at the largest cross-sectional area 
for assessing the muscle. All ROIs in the same organ should be kept in the same loca-
tion and size in all the reconstruction groups for the same patient. The maximum stand-
ard uptake value  (SUVmax), the mean standard uptake value  (SUVmean), and the standard 
deviation (SD) of the ROI were calculated. The SNR was calculated by dividing the 
 SUVmean by SD.

Subjective analysis

A 5-point Likert scale (5-PS) was used to subjectively evaluate image quality based on 
the following three perspectives: the overall impression, the image noise, and the conspi-
cuity of the lesions, as illustrated in Fig. 1. Two experienced nuclear medicine physicians 
(with 5 and 9  years of experience in PET/CT diagnosis, respectively) were trained by 
reading 10 additional PET/CT cases together to understand the criteria before evalua-
tion. The average of the mediastinal, hepatic, and pelvic in the maximum intensity pro-
jection (MIP) image was taken as the final score for each physician. The average of the 
two final scores was taken as the overall score for one reconstruction group.

Fig. 1 Description of the 5-point Likert scales for subjective assessment of the image quality. Description 
of the 5-point Likert score for qualitative assessment of the image quality (2–5 from the left to the right, 
respectively). Score 1, image with nondiagnostic quality; score 2, image which is acceptable, but with 
sub-optimal noise, lesion depiction leading to impaired diagnostic confidence; score 3, image with quality 
that is equivalent to routine clinical practice; score 4, image with quality that is superior to the average image 
quality; score 5, image with excellent quality
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Lesion detection

Lesions detection was carried out by two nuclear medicine physicians, and the final 
results were confirmed by MRI and pathological information. The  SUVmax of the 
lesions was also measured by delineation of the volume of interest (VOI), and the 
size (maximum radial length) of the lesions was measured in conjunction with CT 
and MRI. For patients with multiple lesions, 3–5 hypometabolic lesions with a size 
smaller than 2.5 cm were selected. The lesion-to-liver ratio (TLR) was calculated by 
dividing the  SUVmax of lesions by the  SUVmean of the liver in the same group.

Reconstruction workstation configuration parameters

The configuration of the reconstruction workstation was as follows: two Intel Xeon 
6126 CPUs with 2.6 GHz processor, 16 GB of DDR4 RAM, 1 TB HDD and two 2 TB 
SSD, and two TESLA PCI-E V100 GPUs with 24 GB memory.

Statistical analysis

Statistical analyses were performed using the R software version 4.1.2 (R Core Team, 
2022). Descriptive data were expressed as mean ± SD. The objective evaluation 
indexes were first applied the Shapiro–Wilk’s test to check the normality. Because of 
the non-normal distribution of the data, the nonparametric Freidman test was per-
formed to compare the objective evaluation indexes among different scanning dura-
tions time within imaging matrices. When significant differences among groups were 
indicated by the Friedman test, the pairwise comparisons were conducted using a 
Wilcoxon signed-rank test. The p values were shown after Bonferroni correction, and 
a p value < 0.05 was considered statistically significant. The inter-rater agreement for 
subjective image quality score was analyzed via the Cohen’s kappa test, and Kappa 
values were interpreted as follows: 0.00–0.20, poor agreement; 0.21–0.40, fair agree-
ment; 0.41–0.60, moderate agreement; 0.61–0.80, good agreement; and 0.80–1.00, 
almost perfect agreement.

Image reconstruction time and storage space occupation

To examine the trade-offs between the clinical resources and the benefits brought by 
the proposed clinical protocols, the reconstruction time and the storage space occu-
pation for each group were recorded.

Results
Phantom study

Figure  2 shows the images of the central slice of the NEMA IQ phantom recon-
structed using different image matrices with a scanning duration of 8  min. As 
expected, PVE tends to be less obvious while the background variability increases as 
the image matrix increases.

To quantitatively illustrate the result, the CRC versus background variability for dif-
ferent matrices and scanning duration were plotted as shown in Fig. 3. The points on 
each curve from the left to right represent the spheres with diameters of 37, 28, 22, 
17, 13, and 10 mm, respectively. For most cases as shown in this figure, CRC reached 
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to the maximum with an imaging matrix of 512 by 512, and background variability 
increased as the voxel size became smaller. Considering the goal of this study, the 
parameters for the smallest sphere (diameter of 10 mm) are most relevant to the diag-
nosis accuracy of colorectal cancer metastasis. Therefore, for the 10 mm sphere, the 
CRC in G512-3 was increased by 5.2% and 3.4%, and the background variability was 
increased by 0.5%and 1.6% compared to G192-3 and G1024-3, respectively. The same 
trend can be found for the scanning duration of 5 min, 8 min, and 10 min.

Clinical study

Objective assessment of image quality

Figure 4 shows the typical images of a patient with 10 different reconstruction combi-
nations. Background objective evaluation indexes in the liver among the 10 designed 
groups are summarized in Table  3, and more information regarding the mediastinal 
blood pool and the gluteus maximus can be found in Additional file 1: Table S1.

As shown in Table  3, the  SUVmax, SD, and TLR with the same scanning duration 
increased as the imaging matrix increased, and decreased as the scanning duration 
increased for the same imaging matrix groups. As shown in Table  4, the p values of 

Fig. 2 The images of the NEMA IQ phantom reconstructed with the different matrices with the scanning 
duration of 8 min

Fig. 3 The contrast recovery coefficient vs the background variability for NEMA IQ phantom combine 
different image matrices with different scanning durations
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 SUVmax and SD from the Friedman test and post hoc tests were less than 0.05, except 
for the  SUVmax,lesion compared between 8 and 10 min. The  SUVmean was close among all 
groups, although the Freidman test showed a significant difference, some of the pair-
wise comparisons were not statistically significant. The SNR increased as the scanning 
duration increased for the same imaging matrix group, and decreased as the voxel size 
turned smaller for the same scanning duration. All the comparisons of SNR, includ-
ing the Friedman test and post-hoc pairwise tests, showed significantly different. These 
results indicated that a combination of a larger voxel size and a longer scanning duration 
can achieve lower  SUVmax, SD, and higher SNR.

Subjective assessment of image quality

Table  5 shows the overall subjective image quality scores, and the inter-rater agree-
ment of subjective image quality was excellent with a kappa of 0.851 (0.829–0.874). The 

Fig. 4 Typical MIP and cross-sectional images for different image matrices with different scanning durations. 
A 43-year-old male was diagnosed with rectum adenocarcinoma with parenteral lymph node metastasis. 
(a–e) and (k–o) showed the maximum intensity projection images for 10 different matrices and scanning 
durations, respectively. And f–j and p–t show cross-sectional images of the liver for the corresponding 
sequences



Page 9 of 16Qi et al. EJNMMI Physics           (2024) 11:17  

Ta
bl

e 
3 

Th
e 

ob
je

ct
iv

e 
ev

al
ua

tio
n 

in
de

xe
s 

fo
r t

he
 c

om
bi

na
tio

ns
 o

f t
he

 d
iff

er
en

t i
m

ag
in

g 
m

at
ric

es
 a

nd
 s

ca
nn

in
g 

du
ra

tio
ns

SU
V m

ax
,li

ve
r  S

U
V m

ax
 o

f l
iv

er
, S

N
R 

si
gn

al
‑t

o‑
no

is
e 

ra
tio

, S
U

V m
ax

,le
si

on
  S

U
V m

ax
 o

f l
es

io
n,

 T
LR

 le
si

on
‑t

o‑
liv

er
 ra

tio

In
de

x
G

19
2-

3
G

19
2-

5
G

51
2-

3
G

51
2-

5
G

51
2-

8
G

51
2-

10
G

10
24

-3
G

10
24

-5
G

10
24

-8
G

10
24

-1
0

SU
V m

ax
,li

ve
r

2.
67

 ±
 0

.2
6

2.
61

 ±
 0

.2
5

2.
91

 ±
 0

.3
1

2.
79

 ±
 0

.2
8

2.
70

 ±
 0

.2
6

2.
66

 ±
 0

.2
6

3.
09

 ±
 0

.3
4

2.
92

 ±
 0

.2
9

2.
80

 ±
 0

.2
7

2.
74

 ±
 0

.2
7

SU
V m

ea
n,

liv
e

2.
39

 ±
 0

.2
3

2.
38

 ±
 0

.2
3

2.
38

 ±
 0

.2
5

2.
37

 ±
 0

.2
4

2.
35

 ±
 0

.2
3

2.
34

 ±
 0

.2
3

2.
40

 ±
 0

.2
5

2.
39

 ±
 0

.2
4

2.
37

 ±
 0

.2
3

2.
36

 ±
 0

.2
3

SD
liv

er
0.

13
 ±

 0
.0

4
0.

12
 ±

 0
.0

4
0.

20
 ±

 0
.0

4
0.

17
 ±

 0
.0

3
0.

14
 ±

 0
.0

3
0.

13
 ±

 0
.0

3
0.

25
 ±

 0
.0

5
0.

20
 ±

 0
.0

4
0.

16
 ±

 0
.0

3
0.

15
 ±

 0
.0

3

SN
R liv

er
20

.1
8 
±

 5
.9

22
.4

3 
±

 6
.7

7
12

.4
3 
±

 2
.5

1
14

.6
6 
±

 2
.8

8
17

.4
2 
±

 3
.6

1
18

.6
8 
±

 4
.1

1
10

.0
5 
±

 1
.8

6
12

.3
4 
±

 2
.0

8
14

.9
 ±

 2
.4

6
16

.4
6 
±

 2
.9

0

SU
V m

ax
,le

si
on

5.
94

 ±
 2

.9
7

5.
96

 ±
 2

.9
6

6.
43

 ±
 2

.7
9

6.
36

 ±
 2

.7
3

6.
25

 ±
 2

.6
5

6.
21

 ±
 2

.6
5

6.
63

 ±
 2

.8
0

6.
5 
±

 2
.6

9
6.

34
 ±

 2
.5

9
6.

31
 ±

 2
.6

0

TL
R

2.
47

 ±
 1

.2
7

2.
49

 ±
 1

.2
8

2.
67

 ±
 1

.2
1

2.
66

 ±
 1

.2
0

2.
65

 ±
 1

.1
8

2.
64

 ±
 1

.1
9

2.
73

 ±
 1

.2
0

2.
7 
±

 1
.1

7
2.

67
 ±

 1
.1

5
2.

67
 ±

 1
.1

6



Page 10 of 16Qi et al. EJNMMI Physics           (2024) 11:17 

average subjective score was highest for G192-3 (4.99 ± 0.06) and G192-5(4.99 ± 0.03), 
which is consistent with the SNR. The subjective score increased as the scanning dura-
tion increased and the imaging voxel size turned larger. The mean score for G512-3, 
G512-5, G512-8, G512-10, G1024-8, and G1024-10 were larger than 3, indicating that 
the image quality of these groups could satisfy clinical diagnostic requirement.

Lesion detection

A total of 129 lesions assessed this study [35 (maximum diameter ≤ 7  mm), 76 
(7 mm < maximum diameter ≤ 15 mm), and 18 (15 mm < maximum diameter ≤ 25 mm)]. 
In visual assessment, only one false-positive lesion was found in G512-3, G1024-3, and 
G1024-5, respectively. The number of false-negative lesions found in G192-3, G192-5, 
G512-3, G1024-3, and G1024-5 was 5, 4, 1, 4, and 1, respectively. Among the lesions 
appeared as false negatives, 4 had a maximum diameter of less than 7  mm (with an 

Table 4 Comparisons of objective evaluation indexes of image quality among different scanning 
durations time within imaging matrices

P0 indicates P values of Freidman test among four time groups; P1 to P6 indicates adjusted P values after Bonferroni 
corrections from comparisons between 3 and 5 min, between 3 and 8 min, between 3 and 10 min, between 5 and 8 min, 
between 5 and 10 min, and between 8 and 10 min, respectively

SUVmax,liver  SUVmax of liver, SNR signal‑to‑noise ratio, SUVmax,lesion  SUVmax of lesion, TLR lesion‑to‑liver ratio

Matrix Index P0 P1 P2 P3 P4 P5 P6

512×512 SUVmax,liver  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001

SUVmean,live  < 0.001 0.155 0.031 0.005 0.074 0.005 0.002

SDliver  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001

SNRliver  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001

1024×1024 SUVmax,liver  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001

SUVmean,live 0.001 0.676 0.130 0.037 0.147 0.011 0.010

SDliver  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001

SNRliver  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001

512×512 SUVmax,lesion  < 0.001 0.017  < 0.001  < 0.001 0.003 0.004 0.249

TLR 0.600 1.000 0.271 1.000 1.000 1.000 1.000

1024×1024 SUVmax,lesion  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001 0.926

TLR  < 0.001 0.063 0.002 0.021 0.099 1.000 1.000

Table 5 Subjective image quality scores for the combinations of the different imaging matrices and 
scanning durations

Group Subjective score

G192-3 4.99 ± 0.06

G192-5 4.99 ± 0.03

G512-3 3.04 ± 0.18

G512-5 3.57 ± 0.37

G512-8 4.01 ± 0.05

G512-10 4.22 ± 0.36

G1024-3 2.14 ± 0.15

G1024-5 2.97 ± 0.11

G1024-8 3.10 ± 0.10

G1024-10 3.79 ± 0.17
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average size of about 5 mm), and 1 about 15 mm in diameter. All lesions had  SUVmax 
between 3.1 and 3.8 in G512-5.

As shown in Table  3, TLR in G192 was lower than that in G512 and G1024. TLR 
decreased as the scanning duration increased for the same imaging matrix, and the dif-
ference was little between G512 and G1024. The mean TLR in G1024-3 was the highest 
among all the combinations. For the groups without focal misdiagnosis found, G1024-8 
had the highest TLR.

Reconstruction time and storage space occupation

Based on the current data reconstruction equipment in our department, the reconstruc-
tion time and storage space occupation for each sequence with different matrices and 
scanning durations combinations are listed in Table 6.

The reconstruction time and the storage space occupation for the same matrix with 
different scanning durations were almost the same; therefore, only the reconstruction 
time for different matrices was listed. As shown in this table, the image reconstruction 
time increased significantly as the matrix increased, and the storage space occupied was 
roughly proportional related to the square of the matrix. The reconstruction time for 
G1024 is about three–four times longer than that for G512 and about eight times longer 
than that for G192.

Discussion
Limited by the amount of the injected dose, collecting more counts can be achieved 
only by increasing the scan time in the conventional PET/CT, which may cause possible 
motion artifacts and less clinical examination circulation. Taking the advantage of the 
high sensitivity of uEXPLORER PET/CT, we have evaluated the different combinations 
of imaging voxel sizes and scanning duration based on both phantom and clinical studies 
and found that small voxel imaging at the millimeter or submillimeter level can improve 
lesion detection capabilities.

The accurate evaluation of metastatic colorectal cancer (mCRC) [21, 22] is directly 
related to the choice of treatment and the judgment of prognosis [23]. In this study, we 
choose the colorectal cancer for our clinical evaluation because mCRC is prone to rela-
tively fixed-position small-size, hypometabolic, and irregular metastatic. Using a long-
axis PET/CT with small voxel imaging can help detect and evaluate such lesions was 
clinically significant. Due to the inaccurate boundary outlining by the threshold method 
in some small lesions and artifacts by the manual outlining in the individual sequences 
of a patient, the metabolic tumor volume (MTV) and total lesion glycolysis (TLG) were 
not included in this study [24].

Table 6 Reconstruction time and storage occupation of 18F-FDG PET/CT images with different 
matrices

Voxel size  (mm3) Mean storage occupied per slice in 2D 
(kB)

Reconstruction time of 
Image sequence (min)

3.1 × 3.1 × 1.4 76.47 5

1.2 × 1.2 × 1.4 516.57 12

0.6 × 0.6 × 1.4 2051.53 40
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Yan et.al pointed out that the square of SNR in PET is proportional to the product 
of the system sensitivity, the injected radioactivity, and the scanning duration [25]. 
Hu et  al. proved that uEXPLORER PET/CT imaging at a dose of 3.7  MBq/kg with 
2 min scanning duration for 192 by 192 matrix reconstruction can achieve clinically 
usable image quality [12]. In the pre-evaluation, the SNR in G192-3 is 1.6 and 2.0 
times higher than that of G512-3 and G1024-3, respectively, as shown in Table 3. Fol-
lowing this, the scanning duration for G512 and G1024 should be about 2.5 times and 
four times longer than that of G192, and we set up the individual reconstruction com-
binations in this study.

The results in this study have demonstrated that small voxel PET/CT imaging 
can improve  SUVmax, which is consistent with the previous results reported by sev-
eral studies [24, 26]. This is because the high metabolism is less likely to be aver-
aged, which can result in an increase in  SUVmax. Furthermore, the  SUVmax reveals 
the amount of decays measured at the level of individual pixels/voxel, which is more 
sensitive to noise. If not enough data is collected per voxel,  SUVmax will be biased and 
decreases till it reaches a stable state as increasing the scanning duration. Therefore, 
physicians should select higher cutoff values required for small voxel imaging [11]. 
On the other hand,  SUVmean is not as sensitive to noise as  SUVmax due to the averaged 
statistical fluctuation when calculating the mean value, which accounted for the little 
difference in  SUVmean among most groups as shown in Table  3. These relationships 
have been demonstrated in both the phantom and clinical studies. As a metric for 
evaluating the noise of images, SD could affect SNR together with  SUVmean.

In the comparison among (1) 5  min, 8  min, and 10  min groups of G512 and (2) 
8 min and 10 min groups of G1024, significant differences in  SUVmax, SD, SNR, and 
 SUVmax, lesion but little difference in  SUVmean, TLR, and lesion detection accuracy were 
identified. G512-5 and G1024-8 can achieve a similar result in  SUVmax,  SUVmean, SD, 
SNR, TLR, and  SUVmax,lesion.

The key benefit introduced by smaller voxel imaging is a higher spatial resolution, 
which could improve to differentiate adjacent lesions pointed by red arrows as shown 
in sub-figure a–j in Fig.  5. The smaller imaging size alleviates PVE and makes the 
boundary of small lesions clearer. Besides, the higher spatial resolution also allows 
us to evaluate the metabolic distribution within the lesion more precisely, as pointed 
by blue arrows in sub-figure k–t in Fig. 5, which can bring additional benefits to the 
evaluation of disease details or efficacy evaluation.

Small voxel imaging had a significantly higher TLR, which means a higher lesion 
detection ability [27]. The TLR increased with the increase of the matrix or the short-
ening of the acquisition time. However, the noise was also amplified in this process, 
which may hide some small or hypometabolic lesions. It is important to note that 
the high image quality also needs to balance TLR and the false-positive rate or false-
negative in clinical use. Figure  6 shows a representative false-positive lesion and a 
representative false-negative lesion.

In total, a large reconstruction imaging matrix can improve the spatial resolution, alle-
viate PVE, and enhance the small lesion detection ability at the expense of the image 
SNR and contrast due to fewer data measured in each voxel. This is why the protocols in 
low dose and fast PET acquisition are not suitable for small voxel imaging [10].
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Fig. 5 The value of large matrices in differentiating adjacent lesions and evaluating the internal details 
of lesions. A 62-year-old male was diagnosed with rectum adenocarcinoma with parenteral lymph node 
metastasis (a–j). The metastatic lymph nodes are visible in all sub-figures (pointed by red arrows) in front of 
the sacrum. On the plot of G192 (a, b), only one hot area with irregular morphology can be seen, but the two 
adjacent metastatic lymph nodes can be clearly distinguished on G512 (C–F) and G1024 (G–J). A 63-year-old 
female was diagnosed with pulmonary metastases from adenocarcinoma of the sigmoid colon (k–t). 
Pulmonary metastases can be clearly seen on all sub-figures (pointed by blue arrows). It could be seen as one 
homogeneous hot area on the G192 (k–l), but on G512 and G1024, the hypermetabolic zone can be seen 
mainly in the inner posterior side of the mass

Fig. 6 Typical cases with false-positive and false-negative lesions. A 35-year-old female was diagnosed with 
liver metastases from rectal cancer (a–j). G512-3 (c), G1024-3 (g), and G1024-5 (h) showed a positive lesion 
that was not present on images from longer acquisition times and MR images. It was identified as a false 
positive. A 58-year-old male was diagnosed with adenocarcinoma of the colon with multiple metastases to 
the liver (k–t). G192-5 (c), G512-5 (n), G512-8 (o), G512-10 (p), G1024-8 (s), and G1024-10(t) showed a positive 
lesion in the right lobe of the liver(pointed by blue arrows), which could not be seen in the rest of sub-figures. 
It was identified as a false negative in G192-3 (k), G512-3 (m), G1024-3 (q), and G1024-5 (r)
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From the results of this study, we concluded that the following groups: G512-5, G512-
8, G512-10, G1024-8, and G1024-10 can achieve smaller SD, better SNR, and superior 
diagnostic accuracy, which could be suggested for clinical practice.

The reconstruction time and storage space occupation were significantly higher for the 
1024 matrix. Considering all the factors, the matrix of 512 × 512 with a scanning dura-
tion of 5 min is more suitable for the clinical applications.

Matrix of 1024 × 1024 could achieve a higher TLR but has little statistically significant 
difference in most groups with different scanning durations, which showed the potential 
value in detecting small or hypometabolic lesions, and left as the future work.

This study has several limitations. Firstly, this was a single-center retrospective study, 
with a small number of cases, and the results might be influenced by selection bias. Sec-
ondly, artificial intelligence algorithms for further improving image quality were not 
included in this work, which could be evaluated in future studies.

Conclusions
This exploratory study found that PET/CT imaging with small voxel can improve 
 SUVmax, and TLR of lesions, which is advantageous for the diagnosis of small or hypo-
metabolic lesions if with sufficient counts. With an 18F-FDG injection dose of 3.7 MBq/
kg, uEXPLORER PET/CT imaging with a matrix size of 512 × 512 with 5  min or 
1024 × 1024 with 8 min can obtain images that met the requirements for clinical use.
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