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Recent advancements in clinical PET/CT scanners have improved the detectability of small lesions. However, the ideal
reconstruction parameters for detecting small lesions have not
yet been sufficiently clarified. The purpose of this study was to
investigate the detectability of subcentimeter spheres using a
clinical PET/CT scanner. Methods: We used a clinical PET/CT
scanner to obtain the data of a National Electrical Manufacturers Association body phantom consisting of 6 small spheres
(inner diameters, 4.0, 5.0, 6.2, 7.9, 10, and 37 mm) containing
18F solution. The background activity was 2.65 kBq/mL, and the
sphere-to-background ratio was 8. The PET data obtained for 2
and 120 min were reconstructed using ordered-subsets expectation maximization (OSEM), OSEM 1 point-spread function
(PSF), and OSEM 1 time-of-flight (TOF) with voxel sizes of
2.04 · 2.04 · 2.00 mm (2-mm voxels) and 4.07 · 4.07 ·
3.99 mm (4-mm voxels). A gaussian filter was not used. The
image quality was evaluated by visual assessment, as well as
by physical assessment of the detectability index and recovery
coefficients. Results: According to the visual assessment, the
detectability of the spheres improved using TOF and a longer
acquisition. Using the OSEM1TOF model, the smallest visually
detected spheres were 5 mm in diameter with a 120-min acquisition and 6 mm in diameter with a 2-min acquisition. According
to physical assessment, the detectability of spheres 10 mm or
smaller using the OSEM1TOF image was superior to that using
the OSEM image. In addition, the detectability of each hot
sphere and recovery coefficient with 2-mm voxels was superior
to that with 4-mm voxels. Although OSEM1PSF images
showed less background noise, detectability and the recovery
coefficient were not improved for spheres 8 mm or smaller.
Conclusion: The TOF model with 2-mm voxels improved the
detectability of subcentimeter hot spheres on a clinical PET/CT
scanner.
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ET/CT using 18F-FDG is a useful tool for making a
diagnosis, staging disease, evaluating the response to therapy,
and performing prognostic stratification (1–3). Limitations associated with the PET/CT images include false-negative
results and underestimation of small accumulations because of the partial-volume effect. The partial-volume effect is caused by both the finite resolution effect and the
tissue fraction effect (4). Because the partial-volume effect strongly depends on the size of the tumor, the smaller
the tumor, the greater the underestimation of the uptake
(5). Because the detection limit is assumed to be approximately 1 cm in conventional PET/CT, the PET/CT image
quality is usually evaluated using a 10-mm hot-sphere phantom (6). Our previous study also determined the reconstruction parameters for detecting 10-mm hot spheres on PET/
CT images (7).
Recent advancements in the hardware and software
of PET/CT devices have improved the detectability of
small lesions. Lutetium orthosilicate and lutetium
yttrium orthosilicate, which have a high light output
and excellent timing resolution, have made the time-offlight (TOF) information practical in the reconstruction
algorithm (8). The TOF technique measures the difference in time between the detection of 2 photons in coincidence and allows for more precise estimation of the
annihilation location along the line of response. TOF
also improves the signal-to-noise ratio of PET images
(9). Point-spread function (PSF) correction incorporates
accurately measured PSFs into the reconstruction algorithm, thereby reducing blurring and distortion of the
final image (10). PSF modeling is expected to improve
both the signal-to-noise ratio and the spatial resolution
of PET images (11–13). Both TOF and PSF have been
reported to improve the quality and lesion detectability
of PET images (14–16).
Recently, an increasing number of studies have examined
small lesions, such as arteriosclerosis and lymph node
metastases smaller than 10 mm in diameter (17,18). However, the ideal reconstruction parameters for the detection
of such small lesions have not yet been sufficiently clarified. The purpose of this study was to investigate the ideal
reconstruction setting for the detection of subcentimeter hot
lesions using a clinical PET/CT scanner.
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MATERIALS AND METHODS
Phantoms
We used a National Electrical Manufacturers Association
International Electrotechnical Commission body phantom (NEMA
phantom) consisting of 6 spheres with inner diameters of 37, 10,
7.9, 6.2, 5.0, and 4.0 mm (Micro Hollow Sphere Sets (4); Data
Spectrum Corp.) (Fig. 1). The background compartment and the 6
spheres were filled with 18F solution such that there was a sphereto-background ratio of 8. The background radioactivity of the 18F
solution was 2.65 kBq/mL, in accord with Japanese guidelines for
oncologic 18F-FDG PET/CT data acquisitions (6). The standard
background radioactivity in Japanese subjects, 60 kg, is estimated
to be 2.65 kBq/mL at 60 min after injection of 3.7 MBq of 18FFDG per kilogram.
Data Acquisition and Image Reconstruction
We used a Biograph mCT scanner (Siemens Healthcare) for
all PET acquisitions in this study. This brand of scanner comprises 3 rings with a total of 144 lutetium orthosilicate 4.0 · 4.0 ·
20 mm crystals covering an axial field of view of 16.2 cm and a
transaxial field of view of 70 cm. The coincidence time window
was 4.1 ns. The TOF time resolution was 555 ps. The spatial
resolution at 1 and 10 cm from the center of the field of view was
4.4 and 4.9 mm in full width at half maximum, respectively. The
PET data were acquired in 3-dimensional list mode for 120 min.
Three 2-min PET acquisitions and one 120-min PET acquisition
were reconstructed and evaluated for the detectability of each
sphere. The images were reconstructed using baseline orderedsubsets expectation maximization (OSEM), OSEM1PSF, and
OSEM1TOF. The reconstruction parameters were determined
by evaluating image quality, contrast of hot spheres, and background variability according to our previous study (5). The parameters for OSEM and OSEM1PSF were 3 iterations and 24
subsets, whereas those for OSEM1TOF were 2 iterations and 21
subsets. The available subset number for the TOF model was
restricted to 21, whereas that nearest 21 for OSEM1PSF in
our PET/CT scanner was 24. A gaussian filter was not applied.
The voxel size of the reconstructed images was 2.04 · 2.04 ·
2.00 mm (2-mm voxels) and 4.07 · 4.07 · 3.99 mm (4-mm
voxels). CT data for attenuation correction were obtained by a
whole-body CT scan obtained using 120 kV, 100 mA, a 0.5-s
tube rotation, and a 5-mm slice collimation.
Image Analyses
For the visual assessment, the PET images were evaluated
for sphere detectability using a 5-score scale (1, definitely absent;
2, probably absent; 3, equivocal; 4, probably present; and 5,
definitely present) by a board-certified nuclear medicine physician
and 3 radiologic technologists. They evaluated the images in
random order and were masked to the reconstruction parameters.
The scores of the 4 observers were averaged. A mean score larger
than 3 was considered to indicate that the sphere was present.
Spheres with a score of 1 were excluded from the physical
assessment.
For the physical assessment of image quality, a circular
region of interest (ROI) was placed on each hot sphere with
guidance from the CT images, using PMOD software (version
3.607; PMOD Technologies Ltd.). We also placed 12 circular
10-mm-diameter ROIs on the slice at the center of the sphere
and on slices 61 and 62 cm away from the central slice (total of
60 ROIs on 5 slices) in each set of PET images. The coefficient

of variance for the background (CV), the detectability of each
hot sphere (detectability index [DI]), and the recovery coefficient (RC) were calculated according to the following respective
equations:
CV 5 SDBG =CtBG;mean · 100
DI 5 CtHot;max 2 CtBG;mean


SDBG

RC 5 CtHot;max =Ct37mmHot;max ;
where CtHot,max is the maximum count for each hot-sphere ROI,
CtBG,mean is the mean of the mean count in 60 background ROIs,
SDBG is the SD of the 60 background ROIs, and Ct37mmHot,max is
the maximum count for the 37-mm hot-sphere ROI.
Statistical Analysis
Differences in visual score, CV, DI, and RC among OSEM,
OSEM1PSF, and OSEM1TOF were analyzed with paired t tests,
with a P value of less than 0.05 considered statistically significant.
Interobserver agreement for visual score was evaluated by k-statistics
(poor agreement, k 5 0; slight agreement, k 5 0.01–0.20; fair
agreement, k 5 0.21–0.40; moderate agreement, k 5 0.41–
0.60; good agreement, k 5 0.61–0.80; excellent agreement,
k 5 0.81–1.0).
RESULTS

The 120-min PET acquisitions reconstructed with the
various algorithms are shown in Figure 2A. On OSEM1TOF
images, the small hot spheres were better seen and the background noise lower than on OSEM images. In terms of background uniformity, OSEM1PSF images were superior to
OSEM images. These patterns were also observed for the
2-min acquisitions (Fig. 2B). Regarding differences in voxel
size on the 120-min acquisitions, all spheres were more
clearly observed with 2-mm voxels than with 4-mm, especially the 5-mm spheres. However, the 2-min acquisitions
showed increased background noise, and the hot spheres
were relatively unclear.
Figure 3 shows the visual assessment of PET images in
relation to the reconstruction algorithms with 4- and 2-mm
voxels. For the 120-min acquisitions (Figs. 3A and 3B),
visual scores for OSEM1TOF images were higher than
those for OSEM images. The visual score for 5-mm or
larger spheres with 4-mm voxels exceeded the criterion of
3. On OSEM1TOF images with 4-mm voxels, the visual

FIGURE 1. (A) Photograph of hot sphere phantoms. (B) Axial
CT image of NEMA phantom with spheres.
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FIGURE 2. Use of different reconstruction algorithms on PET
images of phantom. (A) On 120-min acquisition, small hot
spheres were better seen on TOF images and on images
reconstructed with 2-mm voxels. (B) On 2-min acquisition, a
similar pattern was observed.

scores for 6-, 5-, and 4-mm spheres were 4.5 6 0.58, 3.3 6
0.50, and 1.3 6 0.50, respectively, whereas those with 2mm voxels were 5.0 6 0.00, 4.0 6 0.00, and 2.5 6 0.58,
respectively. On OSEM images with 4-mm voxels, the visual scores for 6-, 5-, and 4-mm spheres were 4.3 6 0.50,
3.0 6 0.00, and 1.3 6 0.50, respectively, whereas those
with 2-mm voxels were 4.8 6 0.50, 3.5 6 1.00, and
1.5 6 0.58, respectively. The visual scores for 5- and 6mm spheres with 2-mm voxels were higher than those with
4-mm voxels (Figs. 3A and 3B). In the 2-min acquisitions
(Figs. 3C and 3D), the visual scores for OSEM1TOF images were higher than those for OSEM images, whereas
those for OSEM1PSF images were the highest. For
OSEM1TOF images with 4-mm voxels, the visual scores
of 8-, 6-, and 5-mm spheres were 4.0 6 0.00, 3.3 6 0.50,
and 1.5 6 1.00, respectively, whereas those with 2-mm
voxels were 3.8 6 0.00, 2.5 6 0.58, and 1.0 6 0.00, respectively. For OSEM images with 4-mm voxels, the visual
scores for 8-, 6-, and 5-mm spheres were 3.5 6 0.58, 3.0 6
0.82, and 1.8 6 0.96, respectively, whereas those with 2mm voxels were 2.8 6 0.50, 2.0 6 0.82, and 1.0 6 0.00,
respectively. On the other hand, for OSEM1PSF images
with 4-mm voxels, the visual scores for 8-, 6-, and 5-mm
spheres were 4.0 6 0.00, 3.5 6 0.50, and 1.5 6 0.58, respectively, whereas those with 2-mm voxels were 4.5 6
0.58, 3.5 6 0.58, and 1.3 6 0.50, respectively. The visual
score for 6-mm or larger spheres with 4-mm voxels
exceeded the criterion of 3. The visual score for 8-mm or
larger spheres with 2-mm voxels also exceeded the criterion. Visual assessment of the 2- and 120-min acquisitions
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did not significantly differ among reconstruction parameters. Interobserver agreement was moderate to excellent
(k 5 0.420–0.820).
Table 1 shows the CV of the background on phantom
images. For OSEM1TOF and OSEM1PSF images, background noise in the NEMA phantom was lower than that
for OSEM images in both the 120-min and the 2-min
acquisitions, but the difference was not statistically significant.
On the other hand, there was more background noise with
2-mm voxels than with 4-mm voxels in both the 120-min
and the 2-min acquisitions, and this difference was statistically
significant (P , 0.05). OSEM1PSF images showed the
smallest CV on 2-min acquisitions with 2-mm voxels.
Table 2 shows DI in relation to voxel size. In 120-min
acquisitions, the DI for spheres 8 mm or smaller with 2-mm
voxels was higher than that with 4-mm voxels. The DI for
OSEM1TOF images was higher than that for OSEM images in all spheres. OSEM1PSF images showed a higher
DI for spheres 8 mm or larger than did OSEM images, but
the DI for spheres smaller than 8 mm was not improved
with the PSF model. Furthermore, 4-mm spheres were not
detected at all on PSF images. In 2-min acquisitions, 4-mm
spheres were not detected with any reconstruction algorithm. The DI for spheres 8 mm or smaller with 2-mm
voxels was higher than that with 4-mm voxels. The DI
for OSEM1TOF images was superior to that for OSEM
images with 4-mm voxels but not with 2-mm voxels. No
significant differences in the DI of spheres 8 mm or
smaller was observed between 4- and 2-mm voxels with
any reconstruction algorithm. OSEM1PSF images did
not improve the DI for spheres smaller than 8 mm with

FIGURE 3. Visual assessment of PET images: 120-min (A and
B) and 2-min (C and D) acquisitions; 4-mm (A and C) and 2-mm
(B and D) voxel reconstructions.
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TABLE 1
CV of Background on Phantom Images
CV of background (%)*
Acquisition time

Voxel size

120 min

4
2
4
2

2 min

mm
mm
mm
mm

OSEM

OSEM1PSF

OSEM1TOF

2.9
4.4
15.0 ± 1.4
28.7 ± 3.7

2.8
3.7
14.0 ± 2.1
21.4 ± 3.6

2.3
3.5
13.0 ± 1.0
24.6 ± 0.4

*Data are mean, or mean ± SD.

either 4- or 2-mm voxels. However, OSEM1PSF images
showed a higher DI for spheres 8 mm or larger with both
4- and 2-mm voxels. The difference was not statistically
significant.
RC in relation to voxel size is shown in Table 3. In 120min acquisitions, the RC with 2-mm voxels was higher than
that with 4-mm voxels. The RC for OSEM1TOF images
was comparable to that for OSEM images with both 4and 2-mm voxels, whereas that for OSEM1PSF images was
a little lower for spheres 8 mm or smaller. In 2-min acquisitions, RC did not markedly differ between 4- and 2-mm
voxels or among OSEM, OSEM1TOF, and OSEM1PSF
images. The difference was not statistically significant.
DISCUSSION

In this study, we evaluated the effect of reconstruction
settings on the detectability of subcentimeter hot spheres
using clinical PET/CT. The TOF information improved the
detectability of spheres 10 mm or smaller, in comparison to
OSEM images. PSF images did not show the higher
detectability for spheres 8 mm or smaller. Two-millimeter
voxels improved DI and RC over 4-mm voxels.

OSEM1TOF images improved the detection of spheres
10 mm or smaller in both visual and physical assessments.
Because the time resolution of the Biograph mCT PET/CT
scanner was 555 ps, the probability distribution of an annihilation point was narrowed to approximately 8 cm. In
clinical examinations, Fakhri et al. reported that the TOF
model improved the signal-to-noise ratio for low-contrast
lesions (19). Conti reported that TOF images allowed better
detection of small lesions than non-TOF images (20). TOF
images using 2-mm voxels were reported to improve the
detection of atherosclerotic plaque inflammation with 18FFDG in small and moving phantoms (17). The smallest
visible sphere with a sphere-to-background ratio of 8 was
a 5.0-mm sphere on TOF images using 2-mm voxels but
was a 6.2-mm sphere on non-TOF images. On a heavy
patient (140 kg; body mass index, 46) with multiple lesions
of non-Hodgkin lymphoma, the additional lesions were observed more clearly on TOF images than on non-TOF images. TOF images also lead to higher contrast and uptake
(21). The TOF model reduced background variability, and
the resulting improvement in image quality is thus considered to improve detection of subcentimeter hot spheres.

TABLE 2
Detectability in Standard- and Small-Voxel Reconstructions
Sphere diameter (mm)*
Acquisition time
120 min
OSEM
OSEM1PSF
OSEM1TOF
2 min
OSEM
OSEM1PSF
OSEM1TOF

Voxel size

4

5

6

8

10

78.5
92.8
77.4
116.1
105.1
137.2

166.7
151.9
195.6
265.4
211.2
190.3

4
2
4
2
4
2

mm
mm
mm
mm
mm
mm

6.8
13.1
NA
7.1
9.5
14.6

13.3
22.3
11.1
15.8
19.6
31.3

33.5
45.0
30.1
40.9
48.3
61.2

4
2
4
2
4
2

mm
mm
mm
mm
mm
mm

NA
NA
NA
NA
NA
NA

3.1 ± 4.4
NA
2.8 ± 3.2
3.7 ± 3.0
4.6 ± 0.2
NA

7.6 ± 6.2
12.7 ± 13.2
7.8 ± 6.5
11.4 ± 9.6
8.4 ± 5.1
12.2 ± 5.5

13.6
15.2
14.0
16.4
17.0
17.0

±
±
±
±
±
±

4.3
5.6
1.8
2.3
1.5
2.5

34.6
32.2
41.3
47.5
40.2
30.3

±
±
±
±
±
±

11.4
15.4
9.4
10.5
10.2
5.6

*Data are mean, or mean ± SD.
NA 5 not available.
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TABLE 3
RC in Standard- and Small-Voxel Reconstructions
Sphere diameter (mm)*
Acquisition time

Voxel size

120 min
OSEM
OSEM1PSF
OSEM1TOF
2 min
OSEM
OSEM1PSF
OSEM1TOF

4

5

6

8

10

0.19
0.26
0.16
0.21
0.20
0.27

0.32
0.45
0.28
0.44
0.33
0.50

0.56
0.68
0.58
0.90
0.56
0.67

4
2
4
2
4
2

mm
mm
mm
mm
mm
mm

0.12
0.14
NA
0.11
0.12
0.13

0.13
0.17
0.12
0.13
0.14
0.18

4
2
4
2
4
2

mm
mm
mm
mm
mm
mm

NA
NA
NA
NA
NA
NA

0.12 ± 0.05
NA
0.11 ± 0.03
0.12 ± 0.04
0.14 ± 0.01
NA

0.18
0.22
0.16
0.22
0.18
0.22

±
±
±
±
±
±

0.08
0.18
0.06
0.11
0.05
0.09

0.25
0.26
0.24
0.32
0.27
0.27

±
±
±
±
±
±

0.06
0.11
0.04
0.10
0.02
0.01

0.52
0.53
0.56
0.80
0.53
0.45

±
±
±
±
±
±

0.17
0.29
0.15
0.30
0.07
0.03

*Data are mean, or mean ± SD.
NA 5 not available.

The PSF model did not successfully improve detection
of spheres 8 mm or smaller. Kidera et al. reported that the
PSF model resulted in the greatest increase in contrast
RC for 13-mm hot spheres. Spheres between 10 and 17 mm
showed improvement in contrast RC, whereas no such
improvement was noted for larger spheres (22). Our results
also showed that PSF correction increased the DI in spheres
8 mm or larger but not in spheres smaller than 8 mm. This
finding suggests that the effect of the PSF model is dependent on sphere size. However, the PSF model did improve
the visual score for the 2-min acquisition more than OSEM
alone. Akamatsu et al. reported that the PSF model had a
smoothing effect on PET images (7). In a clinical study, the
PSF model improved the sensitivity of PET in detecting
axillary node involvement, especially for patients in whom
the largest nodal metastasis was smaller than 7 mm (18). In
our study, the CV of the background on PSF images was
lower than that on OSEM images. The reduced background
variability with the PSF model is considered to have contributed to this improvement.
Two-millimeter voxels improved the detection of spheres
8 mm or larger in both visual and physical assessments for
120-min acquisitions. Koopman et al. reported that 2-mm
voxels significantly improved the signal-to-noise ratio and
RC for 5- to 8-mm spheres (23). Adler et al. reported a high
detection score for visual assessment with 2-mm voxels,
compared with 4-mm voxels (24). Two-millimeter voxels
improve spatial resolution and reduce the partial-volume
effect. A sufficient acquisition time reduces background
variability and improves DI. In high-count statistics, 2mm voxels improved DI. In contrast, 2-mm voxels did
not successfully improve the detection of small spheres
for 2-min acquisitions. The short acquisition increases
background variability. The smoothing effect of the PSF
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model is considered to improve detectability in low-count
statistics.
Several limitations of the present study warrant mention. First, we used only a single phantom simulating a
patient with small lesions. Further examinations with
more varied patients such as those with lymph node
metastasis and arteriosclerosis should be performed.
Second, we did not determine what acquisition time would
be adequate for small-lesion detection. A 120-min acquisition is unrealistic for a patient examination, whereas a
2-min acquisition may not be sufficient. It is necessary to
determine the acquisition time adequate for each institution and device. Third, the only sphere-to-background
ratio that we examined was 8. The edge artifacts due to the
PSF model are considered to vary with sphere-to-background ratio (9). Therefore, other sphere-to-background
ratios should be examined. Forth, the influence of a
smoothing filter on small-lesion detection was not evaluated in this study. The outcome of the PSF model with PET
images of subcentimeter lesions depends on optimization of
the smoothing filter (25). We should therefore determine
the ideal smoothing filter.
CONCLUSION

The TOF model with 2-mm voxels was proved to improve the detectability of spheres 10 mm or smaller using a
clinical PET/CT scanner at our institution. In contrast, the
PSF model did not successfully improve detectability or
RCs for spheres 8 mm or smaller. The ideal reconstruction
parameters should be determined for each institution.
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