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Abstract: This study was to validate reliability and clinical utility of a PET tumor segmentation method using multi-
level Otsu (MO-PET) in standard National Electrical Manufacturers Association (NEMA) image quality (IQ) phantom 
and patients with osteosarcoma. The NEMA IQ phantom was prepared with a lesion-to-background ratio (LBR) of ei-
ther 8:1, 4:1, or 1.5:1. The artificial lesions in the phantom were segmented using MO-PET, gradient-based method 
(PETedge), relative threshold methods, and background threshold methods. Metabolic tumor volumes (MTVs) us-
ing MO-PET and PETedge were named as MTV (MO-PET) and MTV (PETedge), respectively. Among the MTVs using 
multiple methods, only MTV (MO-PET) and MTV (PETedge) showed excellent agreements with the actual volume 
of NEMA IQ phantom across the different LBRs (intraclass correlation coefficient, ICC = 0.987, 0.985 in LBR 8:1, 
0.981, 0.993 in LBR 4:1 and 0.947, 0.994 in LBR 1.5:1). Repeated measurements of MTV (MO-PET) of the primary 
tumors showed excellent reproducibility with ICC of 0.994 (0.989-0.997) in patients with osteosarcoma. Also, MTV 
(MO-PET) was found to be predictive of Event Free Survival (EFS) [Hazard ratio (95% CI) = 6.1 (2.1-17.2), log rank 
P = 0.0003] in patients with osteosarcoma. We have validated in NEMA IQ phantom that the MTV (MO-PET) is ac-
curate, and importantly, stable and consistent across a range of lesion sizes and LBRs representative of clinical 
tumor lesions. Furthermore, MTV (MO-PET) showed excellent reproducibility and was predictive for EFS in patients 
with osteosarcoma.
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Introduction

Metabolic tumor volume (MTV) and total lesion 
glycolysis (TLG) are radiomic parameters that 
represent metabolic tumor burden using 18F-fl- 
uorodeoxyglucose (18F-FDG) positron emission 
tomography/computed tomography (PET/CT). 
MTV is a measurement of tumor volume with 
increased glucose metabolism, while TLG is the 
product of MTV and the mean standardized 
uptake value (SUV) of the volume. MTV and  
TLG have been reported being useful markers 
for predicting clinical outcome and evaluation 
of response to treatment in multiple types of 
malignancies [1-7]. Moreover, MTV and TLG are 

considered to be better prognostic factors than 
simple metabolic parameter such as maximum 
SUV (SUVmax) [3, 8, 9]. However, MTV and TLG 
are not incorporated in the clinical practice yet, 
mainly because the optimal tumor segmenta-
tion method to measure the values has not 
been established [10, 11].

Osteosarcoma is the most common primary 
bone malignancy in pediatric and young adult 
patients, with a five-year survival of 65-75% for 
localized tumor and < 30% for metastatic tumor 
[12]. The standard of care treatment for high-
grade osteosarcoma includes neoadjuvant che-
motherapy (NCT) and subsequent surgical 
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resection [13, 14]. In osteosarcoma, MTV has 
been reported to have the predictive value for 
clinical outcome [15-20]. However, the consen-
sus has not been reached on the selection of 
an optimal tumor segmentation method to pre-
dict survival in osteosarcoma.

Recently we have developed multi-level Otsu 
threshold methods for tumor segmentation 
using FDG PET/CT (MO-PET) [21, 22]. Multi-
level Otsu is a thresholding algorithm based  
on Otsu threshold strategy that classifies  
pixels of an image into two classes by search-
ing for a threshold value that minimizes  
the intra-class variance defined as the weight-
ed sum of the two classes. The weighting  
factor is the class-probabilities determined 
from the histogram. As a result, the threshold 
effectively separates the image pixels into 
background features and foreground features 
(corresponding to high metabolism). A tumor 

with high FDG uptake can be segmented with 
very minimal user interaction using the algo-
rithm. The method showed stable and consis-
tent delineation across a range of tumor sizes 
and SUV values using clinical PET scans of 
patients with melanoma [23]. However, MO-PET 
has not been previously tested in phantom 
images with known values for lesion volumes. 
Furthermore, the reproducibility and clinical 
usefulness of MO-PET in patients have not pre-
viously been evaluated.

Herein, we validated MO-PET as follows; 1) the 
accuracy and reliability using standard National 
Electrical Manufacturers Association (NEMA) 
image quality (IQ) phantom, 2) the reproducibil-
ity using FDG PET/CT scans of patients with 
osteosarcoma, and 3) the clinical usefulness, 
particularly, the ability for prediction of event 
free survival (EFS) in patients with osteosar- 
coma.

Figure 1. PET image of NEMA IQ phantom. NEMA IQ phantom was prepared to have three different lesion to back-
ground ratios (LBRs) of 1.5:1, 4:1 and 8:1. Of note, three smaller lesions were not visible in the phantom with 1.5:1 
LBR. Upper row: CT, middle row: PET, lower row: PET/CT.
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Methods

PET imaging of NEMA IQ phantom

The NEMA IQ phantom was filled with an 18F 
solution to have a uniform background activity 
of 3.05 KBq/ml. The six spherical artificial 
lesions in the phantom [diameter (cm)/volume 
(cm3): 1/0.52, 1.3/1.15, 1.7/2.57, 2.2/5.57, 
2.8/11.5, and 3.7/26.5] were filled with 18F 
activity to have a lesion-to-background ratio 

(LBR) of either 8:1, 4:1, or 1.5:1 (Figure 1). The 
phantom was imaged using a GE Discovery 710 
PET/CT scanner (GE Healthcare, Milwaukee, 
USA). Matrix size was 256 × 256. A size of voxel 
was 2.73 × 2.73 × 3.27 mm. The PET scans 
were reconstructed using VUE-point HD (VP- 
HD) which uses a three-dimensional maximum 
likelihood ordered subsets expectation maxi- 
mization (OSEM) with corrections for scatter, 
random coincidences, dead time, and atte- 
nuation.

Patients

Thirty-four patients with newly diagnosed hi- 
gh-grade osteosarcoma were prospectively 
enrolled from June 2008 to May 2012 in a clini-
cal trial (NCT00667342). The study was 
approved by the Institutional Review Board and 
written informed consent was received from all 
enrolled patients. All patients received a uni-
form protocol of neoadjuvant chemotherapy 
(NCT) and subsequent surgical resection in St. 
Jude Children’s Research Hospital [24, 25]. 
FDG-PET/CT scans were done before (baseline 
scan), during (5 weeks after initiation of NCT, 
interim scan) and after the NCT (10 weeks after 
initiation of NCT, post-therapy scan). All patients 
were regularly assessed after surgery including 
bone scan and contrast-enhanced computed 
tomography (CT). When recurrence was sus-
pected, further examinations were performed 
to confirm recurrence which included FDG-PET/
CT, magnetic resonance imaging (MRI), and/or 
biopsy. EFS was defined as the time interval 
from study enrollment to date of first event 
(EFS: recurrence, progression, death), or to 
date of the last contact for patients without 
events. The survival data were censored at the 
time of the last visit if patients were alive or 
free of disease recurrence or progression. In 
this study, only baseline FDG PET/CT scans 
were used to evaluate the reproducibility and 
predictive value of MTV using the MO-PET for 
clinical outcome, particularly, EFS.

Detailed FDG-PET/CT image protocol is de- 
scribed previously [26]. Briefly, FDG (5.4 MBq 
per kg body weight; maximum 12 mCi) was 
injected after patients had fasted at least 4 
hours. Transmission CT and PET emission 
scans were acquired one hour after the injec-
tion from the top of the skull to the feet. PET 
emission scans were acquired for 5 min per 
bed position in two-dimensional mode correct-

Table 1. Agreement between MTVs and actual 
volumes in NEMA IQ phantom

LBR Segmentation 
method ICC 95% CI P value

8:1 20% 0.808 -0.233-0.974 0.005
40% 0.998 0.946-1 < 0.0001
60% 0.971 0.657-0.996 < 0.0001
80% 0.816 -0.083-0.973 0.018

BG+SD 0.676 -0.34-0.95 0.036
BG+2SD 0.564 -0.349-0.926 0.063

2BG 0.945 0.428-0.993 0.001
2.5BG 0.979 0.786-0.997 < 0.0001

MO-PET 0.987 0.877-0.998 < 0.0001
PETedge 0.985 0.907-0.998 < 0.0001

4:1 20% 0.427 -0.235-0.884 0.071
40% 0.995 0.947-0.999 < 0.0001
60% 0.971 0.566-0.996 < 0.0001
80% 0.816 -0.125-0.974 0.015

BG+SD 0.862 -0.108-0.981 0.005
BG+2SD 0.756 -0.285-0.965 0.016

2BG 1.000 0.998-1 < 0.0001
2.5BG 0.986 0.659-0.998 < 0.0001

MO-PET 0.981 0.84-0.997 < 0.0001
PETedge 0.993 0.954-0.999 < 0.0001

1.5:1 20% 0.245 -0.13-0.946 0.219
40% 0.251 -0.13-0.947 0.216
60% 0.823 -0.233-0.995 0.047
80% 0.468 -0.476-0.98 0.233

BG+SD 0.925 -0.144-0.998 0.017
BG+2SD 0.989 0.643-1 0.005

2BG N/A N/A N/A
2.5BG N/A N/A N/A

MO-PET 0.959 -0.600-0.999 0.039
PETedge 0.994 0.906-1 0.006

20%, 40%, 60%, 80% = relative threshold methods (20%, 
40%, 60%, or 80% of the maximum activity); BG+SD, 
BG+2SD, 2BG, 2.5BG = background threshold methods 
(mean background +1 or +2 standard deviations, and mean 
background × 2 or × 2.5); LBR: lesion to background ratio; 
ICC = Intra-class correlation coefficient.
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ed for attenuation using CT scan. CT scans 
were acquired using parameters as follows: 
120 kilovoltage peak (kVp), milliamperes per 
second (mAs) adjusted for body weight (maxi-
mum 90 mAs), slice thickness of 5 mm, tube 
rotation time of 0.8 seconds, a table speed of 
1.5 centimeters per rotation, and pitch of 1.5 
to 1.

Analysis of PET image

All image analysis was done using MIRADA XD3 
program (MIRADA medical, Denver, CO, USA) or 
MIMvista software (MIMvista Corp, Cleveland, 
OH, USA). MO-PET segmentation was done by 
MO-PET plug-in for ImageJ (NIH, Bethesda, MD, 
USA). The lesions in the phantom were seg-

mented using 4 approaches: 1) MO-PET, 2) 
gradient-based method using PETedge tool in 
MIMvista software, 3) conventional threshold 
methods which are relative threshold methods 
(20%, 40%, 60%, or 80% of the maximum activ-
ity), and 4) four background threshold methods 
(mean background +1 or +2 standard devia-
tions, and mean background × 2 or × 2.5). 
Background uptake was measured using a 
spherical ROI with a diameter of 3 cm. The 
above defined MTVs are named as MTV 
(MO-PET), MTV (PETedge), MTV (20%), MTV 
(40%), MTV (60%), MTV (80%), MTV (BG+SD), 
MTV (BG+2SD), MTV (2BG), and MTV (2.5BG). 
Three small lesions were not evaluated in LBR 
of 1.5:1, because they were not well distin-
guishable from the background at this low LBR 
(Figure 1). To evaluate PET segmentation accu-
racy, we compared volume the ratio (VR) of MTV 
to the actual volume of the phantom lesions. 
VR closer to 1 indicated a better segmentation 
performance.

Baseline FDG PET/CT scans of thirty-four 
patients with osteosarcoma were used in this 
study. MTV (MO-PET) and MTV (PETedge) of pri-
mary tumors were measured. MTV (MO-PET) 
and MTV (PETedge) were measured twice, the 
initial observation separated by at least 2 
months from the second measurement, by one 
nuclear medicine physician with seven years of 
experience.

Statistical analysis

The intra-class correlation coefficient (ICC), and 
Bland-Altman analysis were used to test the 
agreement of the measurements. The opti-
mized cut-off was defined to produce the maxi-
mum Youden index from receiver operating 
characteristic (ROC) analysis. EFS distributions 
between high and low MTV groups were com-
pared using the log-rank test. All statistical 
analyses were performed using SPSS software 
(SPSS Inc., Chicago, IL, USA). P values of less 
than 0.05 were considered statistically signi- 
ficant.

Results

Reliability of MO-PET segmentation in NEMA IQ 
phantom

Intra-class correlation coefficients (ICCs) were 
assessed between actual lesion volumes of the 

Figure 2. Intra-class correlation coefficient (ICC) be-
tween actual lesion volumes and MTVs using vari-
ous segmentation methods. ICCs between actual 
lesion volumes and MTVs using various methods 
in different lesion to background ratios were color 
coded. Segmentation methods to measure MTV 
were listed on y axis and lesion to background ratios 
(LBRs) were in x axis. 20%, 40%, 60%, 80% = relative 
threshold methods (20%, 40%, 60%, or 80% of the 
maximum activity); BG+SD, BG+2SD, 2BG, 2.5BG = 
background threshold methods (mean background 
+1 or +2 standard deviations, and mean background 
× 2 or × 2.5); LBR: lesion to background ratio; ICC = 
Intra-class correlation coefficient.
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NEMA IQ phantom and measured MTVs using 
various segmentation methods. Among the 
MTVs using various methods, only MTV 
(MO-PET) and MTV (PETedge) showed excellent 
agreements with the actual lesion volumes in 
all three different LBRs (ICC = 0.987, 0.985 in 
LBR 8:1, 0.981, 0.993 in LBR 4:1 and 0.947, 
0.994 in LBR 1.5:1). Among relative threshold 
MTVs, MTV (60%) was the most consistently 
reliable method across the different LBRs. MTV 
(BG+SD) was the most consistently reliable 
method among background based threshold 
MTV (Table 1; Figure 2). Thus MTV (MO-PET), 
MTV (PETedge), MTV (60%) and MTV (BG+SD) 
were selected for further analysis.

The VRs (volume ratio of MTV to the actual vol-
ume of the phantom lesion) were compared 
between the four selected methods. In 8:1, 4:1 
LBR, MTV (60%), MTV (MO-PET) and MTV 
(PETedge) were accurately reflecting the actual 
lesion volumes (mean ± SD of VR in 8:1 LBR = 
0.68 ± 0.14, 0.89 ± 0.21, and 0.80 ± 0.43, 
respectively; mean ± SD of VR in 4:1 LBR = 
0.63 ± 0.19, 0.86 ± 0.14, and 0.72 ± 0.43, 
respectively), while MTV (BG+SD) overestimat-
ed the actual lesion volumes (mean ± SD of VR 
in 8:1 and 4:1 LBR = 7.08 ± 4.17, 4.08 ± 1.86, 
respectively). In 1.5:1 LBR, MTV (MO-PET) and 
MTV (PETedge) were stably reflecting the actual 
lesion volume (mean ± SD of VR = 0.98 ± 0.30 
and 0.83 ± 0.19, respectively), however MTV 
(BG+SD) and MTV (60%) overestimated the 
lesion volume (mean ± SD of VR = 1.49 ± 0.21, 

and 1.84 ± 0.50, respectively) (Figures 3 and 
4A). Furthermore, MTV (MO-PET) showed bet-
ter lesion segmentation in the two smallest 
lesions in the phantom (diameters of 1 and 1.4 
cm, respectively) in LBR 4:1 and LBR 8:1 than 
MTV (PETedge) (Figures 3 and 4B). In summary, 
MTV (MO-PET) demonstrated the most reliable 
volume estimation across the different LBRs 
and lesion sizes, and MTV (PETedge) showed 
comparable reliability with MTV (MO-PET) 
except for the two smallest lesions. Thus, MTV 
(MO-PET) and MTV (PETedge) were selected for 
further evaluation in clinical PET scans from 
patients with osteosarcoma.

Reproducibility of MTV (MO-PET) and MTV 
(PETedge) in patients with osteosarcoma

Agreements of repeated measurements using 
MO-PET and PETedge segmentation were 
assessed using baseline FDG PET/CT scans of 
patients with osteosarcoma. Repeated mea-
surement of MTV (MO-PET) and MTV (PETedge) 
of the primary tumors showed excellent repro-
ducibility with ICC of 0.994 and 0.997, respec-
tively (Figure 5; Table 2). Also, measurements 
of SUVmean, TLG showed excellent reproduc-
ibility using both MO-PET and PETedge seg-
mentation methods (Table 2). Repeated mea-
surements of both MTV (MO-PET) and MTV 
(PETedge) showed minimal bias (1.1% and 
-0.3%) and relatively narrow lower and up- 
per limits (-22.2%/24.3% and -24.5%/23.9%, 
respectively) in Bland-Altman analysis. Also, 

Figure 3. The volume ratio between selected MTVs and actual lesion volumes in NEMA IQ phantom. Volume ratio 
(VR) of MTV to the actual volume of the phantom lesions are displayed. VR closer to 1 indicated a better segmenta-
tion strategy. Three small lesions were not evaluated in LBR of 1.5:1, because they were not well distinguishable 
from the background at this low LBR. LBR: lesion to background ratio.
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Figure 4. Representative NEMA IQ phantom PET image to compare accuracy between segmentation methods. A. In LBR 1.5:1, MO-PET and PETedge showed rela-
tively accurate segmentation in three largest lesions in the phantom (diameter = 3.7, 2.8 and 2.2 cm) but 60% relative threshold overestimated the volumes in two 
lesions with diameters of 2.8 and 2.2 cm. B. In LBR 4:1 phantom, MO-PET (light blue colored ROI), and 60% relative threshold (green colored ROI) showed relatively 
accurate segmentation in two smallest lesions (diameter = 1.3, and 1 cm). However, PETedge (pink colored ROI) underestimated the actual volume of the two le-
sions. Upper row: CT, middle row: PET, lower row: PET/CT.
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Figure 5. MO-PET and PETedge segmentation in a patient with osteosarcoma. Repeated independent measurements using MO-PET (blue and light blue colored 
ROIs) and PETedge (red and pink colored ROIs) showed excellent intra-method agreements with the minor discrepancy. Note that the tumor portion with a low FDG 
uptake was included in PETedge segmentation but excluded in MO-PET segmentation.
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SUVmean, TLG using both segmentation meth-
ods showed minimal bias and narrow upper 
and lower limits (Figure 6A, 6B and Table 2).

Agreement between MTV (MO-PET) and MTV 
(PETedge) was also evaluated. Two methods to 
measure MTV showed a moderate level of 
agreement with ICC of 0.759. Bland-Altman 
analysis showed a substantial bias [MTV 
(MO-PET)-MTV (PETedge)] of -60.2% (upper and 
lower limit = -110.2%/-10.1%, respectively), 
indicating that MTV is measured larger by 
PETedge than by MO-PET. Also, SUVmean, TLG 
between the two segmentation methods 
showed substantial bias (Figure 6C; Table 3). 
The bias is partly caused by the difference in 
managing inner structure between PETedge 
and MO-PET. PETedge does not allow hollow 
inner structure while MO-PET does (Figure 5).

Predictive value of MTV (MO-PET) and MTV 
(PETedge) for EFS in patients with osteosar-
coma

Finally, the predictive values of MTV (MO-PET) 
and MTV (PETedge) at baseline for EFS were 
evaluated in patients with osteosarcoma. 
Predictive values of MTVs using conventional 
threshold methods were extensively evaluated 
in our previous study using the same patient 
data [20], thus we evaluated only MTV (MO-PET) 
and MTV (PETedge) in this study. In ROC analy-
sis, both MTV (MO-PET) and MTV (PETedge) 
could predict the event at two year with areas 
under curve (AUC) of 0.771 (0.595-0.897, P = 
0.002) and 0.781 (0.610-0.907, P = 0.0007), 

respectively. However, there was no statistic- 
ally significant difference between the two  
ROC curves (P = 0.77) (Figure 7A). The patients 
were further divided into two groups (High MTV 
and Low MTV groups) using an optimized cut-
offs of MTV (MO-PET) and MTV (PETedge), 
respectively. The numbers of patients in high 
and low MTV groups were fifteen (44%) and 
nineteen (56%), respectively by both MTV 
(MO-PET) and MTV (PETedge). High MTV group 
by MO-PET showed worse prognosis than low 
MTV group with a hazard ratio of 6.07 (log ra- 
nk P = 0.0003, Figure 7B). Similarly, high MTV 
group by PETedge demonstrated worse progno-
sis than low MTV group with a hazard ratio of 
5.55 (log rank P = 0.0007) (Table 3; Figure 7C). 
Thus both MTV (MO-PET) and MTV (PETedge) 
were predictive of EFS, and MTV (MO-PET) 
showed higher hazard ratio than MTV (PETedge) 
although the difference was not statistically 
significant.

Four patients (11.8%) were classified different-
ly by MTV (MO-PET) and MTV (PETedge). More 
specifically, the two patients were in the high 
MTV group by MTV (MO-PET) but in the low MTV 
group by MTV (PETedge), and the other two 
patients in reverse. When we further compared 
the EFS between high MTV group by both meth-
ods [high MTV (MO-PET and PETedge)] and high 
MTV group by only one method [high MTV 
(MO-PET or PETedge)] and low MTV group by 
both methods [low MTV (MO-PET and PETed- 
ge)], we found that the EFS could be stratifi- 
ed according to the three groups (Figure 7D,  
log rank test for trend P = 0.0002). Low MTV 

Table 2. Intra-class correlation and Bland-Altman analysis of measurements using MO-PET and PET-
edge segmentation

Segmentation method Parameter
Intra-class correlation 

analysis Bland-Altman analysis

ICC 95% CI Bias (%) SD (%) Lower limit (%) Upper limit (%)
MO-PET vs. MO-PET MTV 0.994 0.989-0.997 1.1 11.9 -22.2 24.3

SUVmean 0.998 0.997-0.999 -0.6 3.4 -7.2 5.9
TLG 0.999 0.998-0.999 0.4 8.6 -16.5 17.3

PETedge vs. PETedge MTV 0.997 0.993-0.998 -0.3 12.3 -24.5 23.9
SUVmean 0.996 0.992-0.998 -0.1 5.5 -10.9 10.7
TLG 0.999 0.998-0.999 -0.4 6.6 -16.3 15.6

MO-PET vs. PETedge MTV 0.754 -0.014-0.914 -60.2 50.1 -110.2 -10.1
SUVmean 0.795 -0.055-0.935 27.9 32.1 -4.3 60.0
TLG 0.956 0.749-0.985 -34.5 31.3 -65.8 -3.1

ICC = Intra-class correlation coefficient.
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Figure 6. Bland-Altman plot for repeated measurement using MO-PET and PETedge. Repeated measurements of MTV, SUVmean, and TLG using (A) MO-PET and 
(B) PETedge showed excellent agreements. (C) However, measurements of MTV, SUVmean, and TLG between MO-PET and PETedge showed substantial variation.
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(MO-PET and PETedge) group showed the lon-
gest EFS followed by high MTV (MO-PET or 
PETedge) group and high MTV (MO-PET and 
PETedge) group (Table 3).

Discussion

In our study, MO-PET demonstrated reliable 
lesion segmentation across the different lesion 
sizes, LBRs using NEMA IQ phantom. Repro- 
ducibility of MO-PET segmentation was fur- 
ther tested in the patients with osteosarcoma 
and showed an excellent agreement between 
repeated measurements. Furthermore, MTV 
(MO-PET) was predictive of EFS in patients with 
osteosarcoma.

Conventionally, fixed threshold methods are 
used for measuring MTV. Fixed absolute thr- 
esholds are commonly used for measuring 
MTV, and SUV of 2.0~5.0 has been reported  
as a potential absolute threshold. The fixed 
absolute threshold is easy to use but has  
several limitations. In particular, MTV cannot 
be measured in a certain tumor with lower 
uptake than the fixed absolute threshold. Also, 
a tumor with very high uptake can be overesti-
mated by partial volume averaging effect. Fixed 
relative thresholds such as 40%, 42%, 50% of 
SUVmax of the tumor have also been widely 
used [11]. However, a tumor with heteroge-
neous uptake or very high SUVmax could be 
underestimated by a fixed relative threshold. 
Also, a small lesion with low LBR can be overes-
timated by fixed relative threshold method. In 
our NEMA phantom study, fixed threshold meth-
ods were not able to accurately segment the 
lesions across the different sizes and LBRs. 
Biehl et al. also reported that the optimal 
threshold increases as the size of the lesion 

becomes smaller [27]. Thus algorithm based 
tumor segmentation methods have been devel-
oped to overcome the shortcoming of fixed 
threshold methods and have undergone clini-
cal evaluation [28].

Gradient-based methods are the most exten-
sively validated algorithm based segmentation 
method in FDG PET images and define the 
tumor boundary by exploiting the image gradi-
ent that exists between the high SUV in tumor 
and the lower SUV in adjacent non tumor tis-
sues [29]. Also, a gradient-based method such 
as PETedge has been shown to outperform 
conventional threshold methods in phantom 
studies [30] and for resected cancer speci-
mens [31, 32]. The main benefit of gradient-
based methods is that they are not dependent 
on absolute tumor uptake levels. However, gra-
dient-based methods can be sensitive to the 
reconstruction parameters of the PET images. 
Another disadvantage of the method is the 
assumption of uniform contrast around tumor 
edges. Furthermore, PETedge only draws the 
outer boundary of the tumor and does not allow 
segmentation of inner hollow structures, which 
can be a limitation for measuring tumors with 
atypical shapes.

MO-PET has been developed using the multi-
level Otsu method to segment tumor lesion in 
FDG PET images [21]. In the first validation of 
MO-PET using FDG PET image of patients with 
melanoma, twenty-five tumors of varying sizes 
and SUVs were segmented using MO-PET and 
compared to 7 different conventional segmen-
tation methods. MO-PET showed more stable 
and consistent tumor delineation than the 
other conventional segmentation methods 
when CT based tumor volumes were used as a 

Table 3. Event free survival time and hazard ratio

Classifier Group Mean survival time 
(Day) (95% CI) HR* (95% CI)

MO-PET Low MTV (n = 19) 1480 (1239-1722) -
High MTV (n = 15) 657 (355-959) 6.07 (2.14-17.20)

PETedge Low MTV (n = 19) 1493 (1223-1763) -

High MTV (n = 15) 649 (366-932) 5.55 (1.99-15.50)

Combined MO-PET and PETedge Low MTV (MO PET and PETedge) (n = 17) 1525 (1285-1764) -
High MTV (MO PET or PETedge) (n = 4) 1036 (271-1802) 3.78 (0.74-19.22)

High MTV (MO PET and PETedge) (n = 13) 605 (325-885) 7.73 (2.55-23.46)
* = Hazard ratio compared to low MTV group, Low MTV (MO PET and PETedge) = patient group with low MTV by MTV (MO-PET) and MTV (PET-
edge), high MTV (MO-PET or PETedge) = patient group with high MTV by either MTV (MO-PET) or MTV (PETedge), high MTV (MO-PET and PETedge) 
= patient group with high MTV by both MTV (MO-PET) and MTV (PETedge).
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reference standard [23]. Also, the accuracy of 
MO-PET has been tested using FDG PET imag-
es of soft tissue sarcoma. The primary tumor 
was segmented using MO-PET and six different 
conventional threshold methods, and MO-PET 
showed the highest agreement with tumor vol-
umes measured from magnetic resonance 
imaging (MRI) (ICC = 0.93) [22]. However, it is 
challenging to define a true reference standard 
tumor volume in clinical FDG PET images. 
Therefore, our present study utilized the NEMA 
phantom to evaluate the reliability of the 
MO-PET segmentation since we know the actu-
al volumes of lesions in the phantom. In our 
phantom study, MO-PET showed excellent 
agreements (ICC over 0.9) with actual volumes 
of the lesions with a lesion to background ratio 
(LBR) of 1:8, 1:4, and 1:1.5. The segmentation 
accuracy of MO-PET was better than the other 

conventional fixed threshold methods and com-
parable to that of PETedge.

Although PETedge and MO-PET both showed 
accurate lesion segmentation in NEMA IQ phan-
toms, the two methods display a fundamental 
difference in the segmentation of tumor with 
high heterogeneity. Since PETedge only draws 
the outer contour of the tumor, internal struc-
ture with minimal FDG uptake is also included 
in the measured MTV. On the other hand, 
MO-PET segments the tumor with an optimized 
threshold using the multi-level Otsu method, 
internal tissue with minimal FDG uptake can be 
excluded (Figure 5). In primary osteosarcoma, 
tumors which have highly heterogenous FDG 
uptakes, we found that MTV (PETedge) was  
significantly larger than MTV (MO-PET) as 
expected.

Figure 7. Prediction of event free survival (EFS) using MTV (MO-PET) and MTV (PETedge). (A) ROC curves of MTV 
(MO-PET) and MTV (PETedge) for prediction of the event at two years. MTV (MO-PET) and MTV (PETedge) showed the 
similar area under curve (AUC) of 0.771, 0.781 respectively for prediction of the event at two years. Kaplan-Meyer 
curves between low and high MTV groups classified by (B) MTV (MO-PET) and (C) MTV (PETedge). (D) EFS was lon-
gest in low MTV group followed by high MTV (MO-PET or PETedge) group and high MTV (MO-PET and PETedge) group 
(P for trend = 0.0002). Low MTV (MO PET and PETedge) = patient group with low MTV by MTV (MO-PET) and MTV 
(PETedge), high MTV (MO-PET or PETedge) = patient group with high MTV by either MTV (MO-PET) or MTV (PETedge), 
high MTV (MO-PET and PETedge) = patient group with high MTV by both MTV (MO-PET) and MTV (PETedge).
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Both MTV (MO-PET) and MTV (PETedge) were 
similarly predictive of EFS when the patients 
were classified into two groups (low MTV and 
high MTV groups) using optimized cut-offs (log 
rank P = 0.0003 and 0.0007, respectively). In 
our previous study using the same patient data, 
the majority of MTVs using conventional thresh-
old methods at baseline scan were also simi-
larly predictive of EFS with log rank P values 
range of 0.0003~0.145 and median of 0.005 
[20]. However, given the fact that MTV using 
conventional threshold methods is not reliable 
across the different LBRs and lesion sizes, 
shown in our phantom study results, MTV 
(MO-PET) or MTV (PETedge) is superior to con-
ventional threshold methods to make the pre-
diction model for clinical outcome using FDG 
PET/CT scans. The predictive values of various 
FDG PET parameters including SUVmax, 
SUVpeak, MTV and TLG using fixed threshold 
methods for EFS were not presented in our 
present study since the results were published 
in our previous paper [20].

Using both MTV (MO-PET) and MTV (PETedge) 
could further stratify the prognosis in patients 
with osteosarcoma which indicates a potential 
additive prognostic value of using both meth-
ods. Further larger prospective studies are war-
ranted to evaluate the clinical utility of using 
both MTVs measured by MO-PET and PETedge 
for the prediction of clinical outcome.

There are limitations in our study. The smallest 
three lesions in the NEMA phantom scan with 
LBR of 1.5:1 could not be evaluated because 
the lesions were not discernable in the images. 
The segmentation accuracy in the clinical PET 
scans could not be assessed because the gold 
standard tumor volume at baseline from the 
tumor specimen could not be obtained since 
the patients underwent the neoadjuvant che-
motherapy before the tumor resection.

Conclusion

MO-PET demonstrated accurate, stable and 
consistent lesion segmentation across differ-
ent lesion sizes and LBRs in NEMA PET phan-
tom and excellent reproducibility in FDG PET/CT 
scans of patients with osteosarcoma. Further- 
more, MTV (MO-PET) was predictive of EFS in 
patients with osteosarcoma. This method may 
be useful in providing additional prognostic 
information for patients with osteosarcoma.
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