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Abstract
We aimed to evaluate the influence of noise and object size on segmentation accuracy of fluorodeoxyglucose positron emis-
sion tomography (FDG-PET) imaging. The scanned data of spherical phantoms were used. For the gradient method, 40% 
maximum standardized uptake value (SUVmax) method, and SUV of 2.5 threshold method, we evaluated the correlation 
between segmentation accuracy and background variability and that between segmentation accuracy and sphere diameters. 
For the gradient method, background variability did not affect segmentation accuracy, but sphere diameters had a small effect. 
As for the 40% SUVmax threshold method, both sphere diameters and background variability affected the segmentation accu-
racy. In the SUV of 2.5 threshold method, segmentation accuracy was affected by sphere diameters but not by background 
variability. With regard to segmentation accuracy of FDG-PET imaging, the gradient method may be more accurate and 
reliable compared to threshold methods when applied to images with varying noise or object size.
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1  Introduction

Fluorodeoxyglucose positron emission tomography com-
bined with computed tomography (FDG-PET/CT) is widely 
used for the diagnosis, staging, treatment optimization, re-
staging, therapy monitoring, and prognostication of various 
types of malignant tumors [1]. Standardized uptake value 
(SUV) is the most widely used quantification index for the 
diagnosis and therapy assessment associated with metabolic 
activity [2, 3], although that depends heavily on physiologi-
cal, physical, and procedural factors [4–7]. Furthermore, the 
maximum SUV (SUVmax) does not reflect three-dimensional 
(3D) information [8]. To overcome these limitations, meta-
bolic tumor volume (MTV) and total lesion glycolysis are 
used as potential exploratory parameters for characterizing 
and providing information regarding the 3D structure and 

intra-tumoral biological variations of tumors [9–11]. Several 
methods for segmenting metabolic tumor volumes have been 
evaluated, including methods based on a fixed threshold of 
volume, volume gradient, and source-to-background ratio 
and manual methods [12–14]. Some studies have reported 
challenges with regard to the segmentation of PET images, 
issues with resolution, and noise [13, 14], although few 
studies have evaluated these factors in detail. Moreover, 
segmentation accuracy is usually evaluated by computing 
the absolute percent difference in the total volume between 
two segmentations. Being intuitive and simple, the percent 
volume difference is commonly used in clinical settings, but 
this metric alone does not convey sufficient information to 
determine the similarity between two segmentations [14]. 
As a commonly used index for segmentation evaluation, the 
dice similarity coefficient (DSC) was introduced [14]. The 
objective of the present study was to assess the influence of 
noise and object size on the segmentation accuracy of PET 
imaging with two different indices using fixed-threshold and 
gradient methods.
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2 � Materials and methods

2.1 � PET/CT

PET/CT images were acquired using a GEMINI TF 64 
(PHILIPS Healthcare, Eindhoven, Netherlands). PET acqui-
sition was performed in 3D mode, and the obtained images 
were reconstructed using the ordered subset expectation 
maximization (OSEM) reconstruction algorithm (33 subsets, 
3 iterations, and 4 mm per slice), with attenuation correction 
based on 64-multi-detector CT (120 kVp, 30 mAs, and slice 
width 5 mm). The image matrix was 144 × 144. The pixel 
size was 4 mm. The slice thickness acquired on PET was 
4 mm. For scatter correction, the time-of-flight extended 
single scatter simulation algorithm [15] was used.

2.2 � Scanning of spherical phantoms

The National Electrical Manufacturers Association and 
International Electro-Technical Commission body phantom 
images filled with 18F were acquired by the PET/CT cam-
era. Six spherical phantoms, with diameters of 10, 13, 17, 
22, 28, and 37 mm, were obtained in the phantom, while 
background activity was 2.65 MBq/mL with a source-to-
background ratio of 4:1. Phantom images were acquired in 
a single-bed position over 30 min to cover the middle area 
of the phantom in list mode. Ten images at acquisition times 
of 10, 20, 30, 40, 50, 60, and 90 s and 3, 5, and 10 min 
were obtained from the list mode data, and each image was 
reconstructed with the relaxation parameters (λ) Normal 
(λ = 1.0), Smooth (λ = 0.7), Smooth A (λ = 0.6), and Smooth 
B (λ = 0.5). The relaxation parameters, incorporated in the 
OSEM algorithm, were the smoothing parameters. Finally, 
44 types of phantom images were created.

2.3 � Image analysis

The sphere volume was measured using the MIM Maestro 
software, ver. 6.8.7 (MIM Software Inc., Cleveland, OH, 
USA). The spheres of the 44 phantom images were measured 
using the gradient segmentation and fixed-threshold methods 
previously described [13]. Briefly, the gradient method relies 
on an operator-defined starting point near the center of the 
lesion. As the operator drags out from the center of the lesion, 
six axes extend outward, providing a visual feedback for the 
starting point of the gradient segmentation. Spatial gradients 
are interactively calculated along each axis, and the length of 
an axis is restricted when a large spatial gradient is detected 
along that axis. The maximal activity gradient along each axis 
is used to detect the tumor edge. The six axes are utilized in 
forming an ellipsoid, which is then used as the initial bounding 

region for gradient detection. The observers in the study were 
instructed to select the image slice with the largest tumor. Sub-
sequently, the observers were instructed to locate a point near 
the center of the lesion in the selected slice and drag the cursor 
from that point to the six axes approximating the boundaries 
of the lesion. After releasing the mouse button, the edges of 
the structure were automatically calculated and outlined. For 
irregularly shaped structures that were not well defined on 
the six axes, the observers were instructed to use the gradi-
ent method one or more times to add to the initial contour by 
dragging the cursor from a point near the center of the omit-
ted region. Operators added regions until they were visually 
satisfied that the entire structure was included in the contour. 
The fixed-threshold method includes all voxels that are greater 
than a definite percentage of the maximum voxel within an 
operator-defined sphere or a set value (in this study, 40% of 
the maximum voxel and SUV of 2.5 [16]). Cross-sectional 
circles are displayed in all three projections (axial, sagittal, and 
coronal), ensuring a 3D coverage of the lesion. In the present 
study, the edges of the lesion were automatically calculated 
and outlined using all the segmentation methods.

Segmentation accuracy was evaluated using two differ-
ent formulas. One was for %Error, which was calculated as 
follows:

where VolPET represents the PET sphere volume using the 
gradient and fixed-threshold (40% SUVmax and SUV of 2.5) 
methods, and VolPhantom represents the true sphere volume. 
The other formula was used for dice similarity coefficient 
(DSC), computed as follows:

where VolCT represents a spherical phantom lesion meas-
ured manually from the CT image using spherical volume 
of interest (VOI). Therefore, |VolCT ∩ VolPET| indicates the 
overlap of CT and PET.

Background variability (BGV) was used as the index of 
noise. We placed 12 circular regions of interest (ROIs) with 
diameters of 37 mm on the central slice and at ± 1 and ± 2 cm 
away from the central slice (total of 60 ROIs) in each PET 
image. For each ROI, the ΔSUVmean was calculated as follows:

where SUVmean is the mean SUV of each ROI, and SUVTOT 
is the mean SUV of all ROIs. Then, the standard deviation 
of ΔSUVmean was defined as BGV.

2.4 � Statistical analysis

To evaluate the effect of noise on segmentation, we ana-
lyzed the correlation between BGV and %Error and between 
BGV and DSC with the three segmentation methods using 

%Error = |(VolPET − VolPhantom)|∕VolPhantom × 100,

DSC = 2||VolCT ∩ VolPET
|
|∕(

|
|VolCT

|
| + |VolPET|),

ΔSUVmean = (SUVmean∕SUVTOT−1),
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Pearson’s coefficient. Data obtained from a sphere with a 
diameter of 37 mm were used in this evaluation for minimiz-
ing the partial volume effect.

The relationship between object size and segmentation 
accuracy was analyzed using the correlation between sphere 
diameter and mean %Error and between sphere diameter and 
mean DSC for each of the three segmentation methods with 
a Jonckheere–Terpstra trend test. Mann–Whitney U test was 
used to compare differences among the mean %Error or DSC 
of each pair of the six sphere diameter sizes. Data obtained 
from the acquisition times of 30, 10, and 5 min were used in 
this evaluation to minimize the effect of noise.

A p value < 0.05 was considered statistically significant. 
The JMP Pro 13 (SAS Institute Inc.) and EZR (Saitama 
Medical Center, Jichi Medical University, Saitama, Japan) 
software packages were used for all the analyses.

3 � Results

Figure 1 shows the relationship between BGV and %Error 
of the three segmentation methods. The correlation coeffi-
cient (r2) values for the BGV and the %Error values obtained 
with the gradient, 40% SUVmax, and SUV of 2.5 threshold 
methods were 0.05 (p = 0.154), 0.56 (p < 0.0001), and 0.001 
(p = 0.84), respectively (Fig. 1).

Figure 2 shows the relationship between BGV and DSC 
for the three segmentation methods. The correlation coef-
ficient (r2) values for the BGV and DSC values measured 
by the gradient, 40% SUVmax, and SUV of 2.5 threshold 
methods were 0.008 (p = 0.06), 0.003 (p = 0.74), and 0.06 
(p = 0.11), respectively (Figs. 2, 3, 4, 5).

As shown in Table 1, a statistically significant linear trend 
was observed for the mean %Error with the gradient and 

Fig. 1   Correlation of back-
ground variability and %Error 
with the gradient method, 40% 
maximum standardized uptake 
value threshold method, and 
SUV of 2.5 threshold method. 
The r2 values with these 
methods were 0.05 (p = 0.154), 
0.56 (p < 0.0001), and 0.001 
(p = 0.84), respectively

Fig. 2   Correlation of back-
ground variability and dice 
similarity coefficient with the 
gradient method, 40% maxi-
mum standardized uptake value 
threshold method, and SUV 
of 2.5 threshold method. The 
r2 values with these methods 
were 0.008 (p = 0.06), 0.003 
(p = 0.74), and 0.06 (p = 0.11), 
respectively
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SUV of 2.5 threshold methods. Based on regression from a 
sphere diameter of 37 mm to 28, 22, 17, 13, and then 10 mm 
(gradient method only), the mean %Error of the gradient and 
SUV of 2.5 threshold methods were significantly increased 
(p < 0.01 and p < 0.01, respectively) (Fig. 6). As for the 40% 
SUVmax threshold method, no statistically significant linear 
trend was observed for mean %Error, while mean %Error for 
a sphere diameter of 13 mm was significantly greater than 
that for the sphere diameters of 17 (p < 0.01), 22 (p < 0.01), 
28 (p < 0.01), and 37 (p < 0.01) mm (Table 1, Fig. 6). The 
10-mm sphere could not be segmented from the background 
lesion with SUV of 2.5 threshold and 40% SUVmax threshold 
methods.

Similarly, there was a statistically significant linear 
trend for the mean DSC of the three segmentation methods 
(Table 1, Fig. 7). Based on the regression from a sphere 
diameter of 37 mm to 28, 22, 17, 13, and then 10 mm (gra-
dient method only), the mean DSC values for the gradi-
ent, and 40% SUVmax, and SUV of 2.5 threshold methods 
were significantly increased (p < 0.01, p < 0.01, p < 0.01, 
respectively).

In addition, Fig. 8 shows the relationship between relaxa-
tion parameters and %Error of each sphere with the gradient 
method (Fig. 8a) and SUV of 2.5 threshold method (Fig. 8b) 
for the data obtained in an acquisition time of 30 min. With 
the change of relaxation parameters, %Error of the 10-mm 
and 13-mm spheres fluctuated the most while using the gra-
dient method (Fig. 8a) and SUV of 2.5 threshold method 
(Fig. 8b), respectively.

4 � Discussion

In the present study, we evaluated the effects of noise and 
object size on the segmentation accuracy of the gradient, 
40% SUVmax, and SUV of 2.5 threshold methods on PET 
imaging using a sphere phantom.

Regarding the SUV of 2.5 threshold method, there were 
no significant correlations between BGV and %Error or 
DSC. Although the 3D shape of the VOI might be altered by 
noise, the effect was not enough to affect the measurement 
results. However, because of the SUV decline caused by 
partial volume effect with the decrease of sphere diameter, 

Fig. 3   Sphere images with similar dice similarity coefficient (DSC) 
and different %Error values. a Transverse PET imaging (acquisition 
time 10 min, reconstructed with relaxation parameters [λ] of Smooth 
[λ = 0.7], and background variability of 0.0349) and b CT imaging 
of segmented lesion using 40% maximum standardized uptake value 
(SUVmax) threshold method. The DSC value was 0.79 and %Error 
was 28.7%. c Transverse PET imaging (acquisition time 20 s, recon-
structed with relaxation parameters [λ] of Smooth [λ = 0.7], and back-
ground variability of 0.0738) and d CT imaging of segmented lesion 
using 40% SUVmax threshold method. The DSC value was 0.79 and 
%Error was 6.0%

Fig. 4   Sphere images with similar dice similarity coefficient (DSC) 
and %Error values, despite the varying levels of noise. a Transverse 
PET imaging (acquisition time 30  min, reconstructed with relaxa-
tion parameters [λ] of Normal [λ = 1.0], and background variability of 
0.0398) and b CT imaging of segmented lesion with gradient method. 
The DSC was 0.9 and %Error was 0.78%. c Transverse PET imaging 
(acquisition time 20  s, reconstructed with relaxation parameters [λ] 
of Normal [λ = 1.0], and background variability of 0.0843) and d CT 
imaging of segmented lesion using gradient method. The DSC was 
0.89 and %Error was 0.63%
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%Error was significantly increased and DSC significantly 
decreased.

As for the 40% SUVmax threshold method, there was a 
significant correlation between BGV and %Error. As noise 
increases, there is a gain in SUVmax, and a lesion segmented 

with the 40% SUVmax threshold method is determined based 
on SUVmax. Therefore, it is considered that the accuracy of 
the 40% SUVmax threshold method is largely affected by 
noise. There was no significant correlation between BGV 
and DSC. Even when the two measured %Error values are 
different, it is possible that the DSC values may be similar 
(Fig. 3). Thus, our result showing a relationship between 
BGV and DSC with the 40% SUVmax threshold method 
might not be relevant. As with the SUV of 2.5 threshold 
method, partial volume effect affected the segmentation 
accuracy of the 40% SUVmax threshold method.

In the gradient method, there were no significant correla-
tions between BGV and %Error or DSC. Therefore, we con-
cluded that segmentation accuracy with the gradient method 
is not easily affected by noise (Fig. 4), which is different 
from the 40% SUVmax threshold method. As the sphere 
diameter decreased, %Error significantly increased and 
DSC significantly decreased. The partial volume effect had 
an influence on the segmentation accuracy of the gradient 
method. Nevertheless, the effect with the gradient method 
was much lower than that with the other two methods, 
because the segmentation accuracy for the sphere diameter 
of 13 mm with the gradient method was much higher, and 
the 10-mm sphere could be segmented from the background 
lesion with the gradient method only. The %Error and DSC 
in the 22- and 17-mm spheres were worse for the gradient 
method compared with the 40% SUVmax threshold method. 
However, as described in the previous paragraph, the seg-
mentation accuracy for the 40% SUVmax threshold method 
was affected by noise. If the noise on image changes, the 
%Error and DSC in the 22- and 17-mm spheres for the 40% 
SUVmax threshold method may fluctuate. Therefore, for the 
segmentation accuracy in the 22- and 17-mm spheres, the 
40% SUVmax threshold method does not necessarily exceed 
the gradient method.

Fig. 5   Sphere images with similar %Error and different dice similar-
ity coefficient (DSC) values. a Transverse PET imaging (acquisition 
time 10 min, reconstructed with relaxation parameters [λ] of Normal 
[λ = 1.0], and background variability of 0.0361) and b CT imaging 
of segmented lesion using gradient method. The DSC was 0.96 and 
%Error was 3.1%. c Transverse PET imaging (acquisition time 10 s, 
reconstructed with relaxation parameters [λ] of Normal [λ = 1.0], and 
background variability of 0.1269) and d CT imaging of segmented 
lesion using gradient method. The DSC was 0.79 and %Error was 
3.1%

Table 1   Relation between %Error or dice similarity coefficient (DSC) of three segmentation methods and sphere diameter

a %Error in sphere diameter of 13 mm was significantly greater than that in sphere diameters of 17 mm (p < 0.01), 22 mm (p < 0.01), 28 mm 
(p < 0.01), and 37 mm (p < 0.01)

Segmentation method Sphere diameter (mm)

37
(n = 12)

28
(n = 12)

22
(n = 12)

17
(n = 12)

13
(n = 12)

10
(n = 12)

p

Gradient method
 %Error (mean ± SD) (%) 3.0 ± 1.6 5.3 ± 2.6 33.0 ± 9.9 36.3 ± 4.5 13.3 ± 3.5 139.8 ± 16.6 < 0.01
 DSC (mean ± SD) 0.89 ± 0.06 0.90 ± 0.04 0.77 ± 0.06 0.75 ± 0.06 0.82 ± 0.06 0.40 ± 0.03 < 0.01

40% SUVmax threshold method
 %Error (mean ± SD) (%) 28.9 ± 1.5a 32.9 ± 1.1a 27.7 ± 3.4a 21.2 ± 7.1a 271.3 ± 57.8a 0.07
 DSC (mean ± SD) 0.85 ± 0.04 0.85 ± 0.03 0.85 ± 0.04 0.82 ± 0.05 0.44 ± 0.05 < 0.01

SUV of 2.5 threshold method
 %Error (mean ± SD) (%) 20.6 ± 1.0 30.2 ± 1.4 49.1 ± 3.1 58.4 ± 5.8 72.5 ± 12.7 < 0.01
 DSC (mean ± SD) 0.85 ± 0.04 0.81 ± 0.02 0.68 ± 0.03 0.60 ± 0.08 0.39 ± 0.15 < 0.01
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In a previous study, Geets et al. [12] suggested that the 
gradient method is more accurate than the threshold methods 
for segmentation with phantoms and patient data. However, 
they only evaluated the relationship between object size and 
segmentation accuracy, and the effect of noise was not exam-
ined. Foster et al. [14] noted that for segmentation of PET 
images, resolution-related issues and noise are challenging.

To assess the accuracy of the segmentation method, we 
used %Error and DSC. In earlier studies, %Error alone was 
used for the evaluation of the segmentation method [13]; 
however, that method does not convey enough informa-
tion to determine the similarity between two segmenta-
tions. For example, it is possible to use the segmentation 
method to measure the same volume as the actual volume 
(i.e., segmentation leaks into a non-object territory with the 
same volume, although the true volume can be obtained) 
(Fig. 5). DSC is used to determine the spatial overlap as 

the percentage of a segmented lesion from the surrogate. In 
our study, we could not suggest the obvious utility of DSC 
for segmentation evaluation. However, in some images, the 
size did not match between %Error and DSC (Figs. 3, 5). 
Therefore, the precise evaluation of a segmentation algo-
rithm should be based on DSC and not solely on the absolute 
volume based on statistical evaluations [14].

In clinical situations, PET images can be blurred by res-
piratory movement [17]. In the present study, the gradient 
method and SUV of 2.5 threshold method were not affected 
by noise. By acquiring PET images with breath-holding 
for a short period of time, it might be possible to measure 
MTV more accurately, especially in lung lesions, although 
the SUV in such cases may be unreliable because of a large 
volume of noise.

In this study, we did not evaluate segmentation accuracy 
using complex objects or clinical data. It is possible that 

Fig. 6   Correlation of sphere 
diameter and %Error with the 
gradient method, 40% maxi-
mum standardized uptake value 
(SUVmax) threshold method, 
and SUV of 2.5 threshold 
method. Sizes of the error bars 
indicate standard deviation. 
The 10-mm sphere could not be 
segmented from the background 
lesion with the SUV of 2.5 
threshold and 40% SUVmax 
threshold methods

Fig. 7   Correlation of sphere 
diameter and dice similarity 
coefficient with the gradient 
method, 40% maximum stand-
ardized uptake value (SUVmax) 
threshold method, and SUV of 
2.5 threshold method. Sizes of 
the error bars indicate standard 
deviation. The 10-mm sphere 
could not be segmented from 
the background lesion with the 
SUV of 2.5 threshold and 40% 
SUVmax threshold methods
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the gradient method and SUV of 2.5 threshold method are 
affected by noise when examining complex or small objects. 
Furthermore, the smoothing parameter might have affected 
the segmentation accuracy, especially for small spheres, 
because of the partial volume effect (Fig. 8). Moreover, the 
voxel size in the PET image affects the segmentation accu-
racy. To evaluate resolution-related issues, the effect of voxel 
size or the smoothing parameter on segmentation accuracy 
should be investigated in detail.

5 � Conclusion

For segmentation accuracy of FDG-PET imaging, the SUV 
of 2.5 threshold method was found to be affected by PVE 
but not by noise. As for the 40% SUVmax threshold method, 
both PVE and noise affected segmentation accuracy; thus, 
attention is required when segmenting images with different 
acquisition times or reconstruction parameters when using 
that method. The gradient method was not affected by noise 
and PVE had a small effect. Based on our findings, we con-
cluded that the gradient method is more accurate and reliable 
than either of the threshold methods when applied to images 
with varying levels of noise or resolution.
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