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SUMMARY 

 Two treatment planning methods for nasopharyngeal carcinoma (NPC) were 

compared: conventional whole-body BGO scintillator positron emission tomography 

(PET) (PETCONVWB) and a new brain PET system using semiconductor detectors 

(PETNEWBR). In this study, 12 patients with NPC were analyzed. The gross tumor 

volume (GTV) was visually delineated on PET images using either PETCONVWB or 

PETNEWBR. The average absolute volume of GTV contoured with the use of the new 

brain PET was significantly smaller than that of conventional whole-body BGO PET. 

Assuming a stereotactic radiotherapy boost plan of 7 ports, the plan using the new brain 

PET would significantly reduce the maximum dose to the cerebrum and cerebellum and 

brain stem. The new brain PET system using semiconductor detectors can provide more 

accurate tumor delineation than the conventional whole-body BGO PET system and has 

the potential to offer functional and molecular radiotherapy treatment planning. 
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ABSTRACT 

Purpose: We compared treatment planning of stereotactic boost for nasopharyngeal 

carcinoma (NPC) between using conventional whole-body BGO scintillator positron 

emission tomography (PET) (PETCONVWB) and using the new brain PET system using 

semiconductor detectors (PETNEWBR).   

Methods and Materials: The present study included 12 patients with NPC. 

18
F-fluorodeoxyglucose-PET images were acquired with both the PETNEWBR and a 

PETCONVWB on the same day.  CT and two PET data sets were transferred to a 

treatment planning system, and the PETCONVWB and PETNEWBR images were 

co-registered with the same set of CT images. The window width and level for all PET 

images were fixed at 3000 and 300 respectively. The gross tumor volume (GTV) was 

visually delineated on PET images using either PETCONVWB images (GTVCONV) or 

PETNEWBR images (GTVNEW).  Assuming a stereotactic radiotherapy boost of 7 ports, 

the prescribed dose delivered to 95% of the planning target volume (PTV) was set to 

2000 cGy in 4 fractions.   

Results: The average absolute volume of GTVNEW was 15.7 ml (standard deviation; SD, 

9.9), and that of GTVCONV was 34.0 ml (SD, 20.5). The average of GTVNEW was 

significantly smaller than that of GTVCONV (p=0.0006).  There was no statistically 
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significant difference in the maximum dose (p=0.0585) and mean dose (p=0.2748) of 

PTV.  PLANNEW significantly reduced the maximum dose of cerebrum and cerebellum 

(p=0.0418) and of brain stem (p=0.0041).   

Conclusion: The present study suggests that the new brain PET system using 

semiconductor detectors can provide more accurate tumor delineation than conventional 

whole-body BGO PET system and may be an important tool for functional and 

molecular radiotherapy treatment planning. 

Key words:  semiconductor, positron emission tomography, radiotherapy planning, 

target volume delineation, nasopharyngeal carcinoma 
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INTRODUCTION 

 Since the advent of computed tomography (CT), sophisticated techniques in radiation 

treatment such as three-dimensional conformal radiotherapy, stereotactic radiotherapy, 

and intensity-modulated radiotherapy (IMRT) have been developed in order to focus 

and escalate the radiation dose to the tumor while sparing normal tissues. In these 

techniques, it is important to precisely determine the tumor volume.  With their high 

anatomic resolutions, CT and magnetic resonance imaging (MRI) have been primarily 

used for target volume delineation in radiotherapy treatment planning.   However, 

when delineating the target volume, it is sometimes difficult to distinguish between 

tumor and non-tumor tissues using anatomical imaging alone. In the past 10 years, 

positron emission tomography (PET) with 
18

 F-fluorodeoxyglucose (FDG), which is 

able to visualize molecular information for the tumor, has been widely used in oncology 

for the diagnosis and staging of various cancers. This functional imaging has been 

adopted in radiotherapy, and several studies have examined the clinical impact of PET 

on radiotherapy planning (1-3).  However, since PET is not an intrinsically accurate 

examination, with a spatial resolution of approximately 4 to 7 mm (4-6), it is difficult to 

determine tumor boundaries on conventional scintillator whole-body BGO scintillator 

PET images.  In 2007, a new brain PET scanner with semiconductor detectors, the first 
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in the world, was developed with HITACHI, Ltd and was installed at our institute (7). 

This brain PET system equipped with small semiconductor detectors and depth of 

interaction (DOI) system to obtain sufficient sensitivity and a higher spatial resolution 

(2.3 mm at 1 cm (NEMA NU 2-2001)). Semiconductor detectors also have an advantage 

in energy resolution. Our new semiconductor PET detectors had an energy resolution of 

4.1% (FWHM) which is superior to the energy resolution obtained with available 

scintillation detectors (e.g., 10%–20%) (8, 9). The limited energy window set permits 

the collection of accurate signal counts with lower noise counts.  The scatter fraction 

of the new brain PET system was 23% (NEMA NU 2-1994), which was lower than 

those of other, scintillation-based whole-body BGO PET scanners such as EXACT HR+ 

(Asahi-Siemens, Tokyo, Japan) (32.1% (NEMA NU 2-1994)) (10, 11).  In our previous 

study, the contrasts obtained with the semiconductor brain PET scanner was 27% higher 

than that obtained with the conventional whole-body BGO scanner for both a cold spot 

phantom that had 6-mm-diameter cold sphenoid defects, a dual-cylinder phantom with 

an adjusted concentration of 1:2 surrounded with water (7).  For patients with 

nasopharyngeal carcinoma (NPC), the new brain PET system identified intratumoral 

inhomogeneity in more detail than the conventional whole-body BGO PET system and 

the tumor edge was sharper on the images obtained with the new brain PET system than 
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on those obtained with the conventional whole-body BGO PET system (7).  Therefore, 

the new brain PET system has the potential to provide high contrast and detailed images 

with sharper tumor edge in radiation treatment planning for NPC. 

 The purpose of this study was to evaluate the effect of the use of the new brain PET 

system for radiotherapy treatment planning of patients with NPC comparing with a 

conventional whole-body BGO PET, EXACT HR+. 

METHODS AND MATERIALS 

Patients 

  The subjects considered in this study were 12 NPC patients who had been newly 

diagnosed from July 2007 to April 2009. The median age was 61 years old (range 30–76 

years old). The patient characteristics are shown in Table 1. Written informed consent 

was obtained from all patients.  

Image acquisition / Target volume delineation 

  Before the PET study, all patients fasted for at least 6 h. Serum glucose levels were 

checked in all of the patients before the administration of 
18

F-FDG. The dose of 

18
F-FDG for each patient was 370 MBq. 

18
F-FDG-PET images were acquired in a 

diagnostic, nontreatment position with the new brain PET system using semiconductor 

detectors (PETNEWBR) and with a conventional whole-body BGO PET system 
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(PETCONVWB) on the same day. Conventional whole-body BGO PET system was 

performed using EXACT HR+.  Two time-course protocols were adopted and 

randomly selected. In Protocol 1, PETCONVWB images were acquired first, and in 

Protocol 2, PETNEWBR, images were acquired first. Among the 12 patients, there were 7 

in Protocol 1 and 5 in Protocol 2. The difference in the distribution was that the 

time-course protocols were used for all patients who received the PETNEWBR scans, not 

just patients with NPC but also those with brain tumors, epilepsy, etc.   

 CT with a slice thickness of 2 – 5 mm was performed. The CT and two PET data sets 

were transferred to the Pinnacle
3
 treatment planning system (version 8.0; Philips 

Medical Systems, Fitchburg, WI) for image registration, target volume delineation, and 

volume analysis. The PETCONVWB and PETNEWBR images were co-registered with the 

same set of CT images. PETNEWBR images on the Pinnacle
3
 treatment planning system 

were not displayed using the standardized uptake value scales for window level/width; 

as such, we used the raw value scales, and the window width and level in all PET 

images were fixed at 3000 and 300, respectively. The gross tumor volume (GTV) was 

visually delineated on PET images alone by an experienced nuclear medicine physician 

and a radiation oncologist in consensus. When drawing the GTV contour, CT images 

were not used. Since the new brain PET scanner with semiconductor detectors is 
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dedicated to brain imaging, the bottom level of PETCONVWB images used in this study 

were adjusted to almost the same that of PETNEWBR images; the GTV was limited to the 

primary tumors and/or retropharyngeal lymph nodes in this study. GTVCONV was 

determined using PETCONVWB images, while GTVNEW was determined using 

PETNEWBR images. There was an interval of approximately a week between the 

delineation of GTVNEW and GTVCONV. After delineating the two types of GTV, the 

cerebrum and cerebellum and the brain stem were contoured on CT images. 

Radiotherapy treatment planning simulation 

  The clinical target volume (CTV) was defined three-dimensionally as the GTV with a 

2-mm margin, while the planning target volume (PTV) was defined as the CTV plus a 

3-mm margin. Assuming a stereotactic radiotherapy boost of 7 ports, the prescribed 

dose delivered to 95% of PTV was set to 2000 cGy in 4 fractions. A radiotherapy 

treatment plan was prepared for GTVNEW and GTVCONV. Dose-volume histograms 

(DVHs) were calculated for the PTV, the cerebrum and cerebellum, and the brain stem 

in both plans.  

Statistical analysis  

  Absolute volumes of GTV and DVH parameters were compared. The difference was 

evaluated using the paired t-test. P< 0.05 was considered statistically significant. 
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RESULTS 

  Absolute volumes of GTVNEW and GTVCONV are shown in Table 2. The average 

absolute volume of GTVNEW was 15.7 ml (standard deviation; SD, 9.9, range, 4.9 –31.6), 

and that of GTVCONV was 34.0 ml (SD, 20.5, range, 10.6 – 75.9). The average absolute 

volume of GTVNEW was significantly smaller than that of GTVCONV (p = 0.0006). 

Regardless of the order of two 
18

F-FDG examinations, volumes of GTVNEW were 

always smaller than GTVCONV for all 12 patients.  

 The maximum and mean doses of PTVNEW and PTVCONV are shown in Table 3. There 

was no statistically significant difference in the maximum dose (p = 0.0585) or the 

mean dose (p = 0.2748). The maximum doses for cerebrum and cerebellum (CC) and 

for brain stem (BS) in the radiotherapy treatment plan based on GTVNEW (PLANNEW), 

and those in the plan based on GTVCONV (PLANCONV) are shown in Table 4. In 

PLANNEW, the average maximum dose of CC was 2001 cGy (SD, 347, range, 1278 

–2430) and that of BS was 1475 cGy (SD, 612, range, 586 – 2243. In PLANCONV, the 

average maximum dose of CC was 2233 cGy (SD, 209, range, 1627 – 2442) and that of 

BS was 1816 cGy (SD, 455, range, 664 – 2197).  

 Compared with PLANCONV, PLANNEW significantly reduced the maximum dose of CC 



  Katoh   12 

(p = 0.0418) and BS (p = 0.0041). An example of PLANNEW and PLANCONV is shown in 

Figs. 1 and 2. 

 

DISCUSSION 

  Although PET offers better identification of tumor localization than the anatomical 

imaging modalities because of its higher contrast resolution, tumor boundaries are 

blurred on conventional BGO PET system because of its relatively low spatial 

resolution due to its larger detectors and worse annihilation non-collinearity blurring 

because of the larger detector ring of whole-body BGO PET. Daisne et al. have reported 

that the PET-derived volumes are more accurate than CT or MRI-derived volumes for 

squamous cell carcinoma of the head and neck; however, they are still larger than those 

delineated from the surgical specimens (12).  

 We did not use CT images when delineating the GTV in order to evaluate the impact of 

the difference of the two PET scanners on radiotherapy treatment planning. The present 

study has shown that the absolute GTV volumes on PETNEWBR system are significantly 

smaller than those on PETCONVWB system, and that the smaller size of the GTV on 

PETNEWBR is not likely due to the time of examination. There are several potential 

reasons why the GTV is smaller for the new brain PET system using semiconductor 
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detectors.  One main reason is the difference of the spatial resolution of the two PET 

systems. Higher spatial resolution yielded shaper edge of the tumor without doubt (7).  

Additional possible reasons were lower scatter fraction and higher contrast of the 

PETNEWBR system (8 – 11). Further study is needed to determine how much geometry 

of the detectors, energy resolution of the semiconductor detector, reconstruction 

algorism, and other mechanical factors were influential quantitatively on the size of 

GTV. 

 In the simulation of radiotherapy treatment planning, this target volume reduction 

resulted in a decrease in the radiation dose to organs at risk such as CC and BS. 

Although we did not compare the pathologic specimens to the target volumes on PET 

images and it is unclear whether the PETNEWBR-based GTV accurately reflected the 

true tumor volume, we consider the reduction of absolute GTV volumes to be primarily 

due to the tumor edge on the PETNEWBR image being more clearly defined. However, 

this reduction of GTV volumes might be smaller if CT images were used with both PET 

images for the delineation of GTV. 

 We adopted a visual interpretation method for the delineation of GTV. This method is 

commonly used (13-17) but is influenced by the display windowing and is dependent on 

operators. Therefore, several objective methods for contouring PET images have been 
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developed, including isocontouring based on a fixed threshold of a standardized uptake 

value (1, 17-20), a fixed threshold of 40% to 50% of the maximum activity (3, 17, 

20-22), and a threshold adapted to the signal-to-background ratios (2, 12, 17). However, 

the appropriate standardized technique for the segmentation of PET images is still under 

investigation in the head and neck region (4-6, 23-26). It is probable that the lack of a 

standardized method for segmentation is due in part to the intrinsically low quality of 

PET images. As such, PETNEWBR images could lead to a new standardized 

segmentation method, and we consider it necessary to evaluate the interobserver 

variability of the target delineation and to compare objective segmentation methods for 

the PETNEWBR images.  

 Another limitation is that we did not compare our new brain PET results with state of 

the art brain PET system such as Siemens HRRT, but just compared with relatively old 

whole-body camera, Siemens HR+ system with a standard OSEM reconstruction 

method. We would like to stress the advantages of new brain PET camera with higher 

resolution and less scatter noise which may facilitate delineation of tumor for radiation 

therapy than the conventional whole-body BGO PET camera. However, HR+ system 

provides relatively high-resolution PET images with the current reconstruction 

algorithm. We are now planning to develop a next prototype PET camera with wide 
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aperture and high sensitivity. We consider it necessary to compare a state-of-the-art 

LSO PET scanner with our new PET in the future. 

 We have previously reported that the PETNEWBR scanner has the potential to provide 

better identification of intratumoral inhomogeneity (7). It is likely that IMRT can 

accurately deliver a higher dose to the lesion with higher intratumoral uptake on the new 

brain PET system using semiconductor detectors. In addition to 
18

F-FDG, there are 

various tracers related to tumor cell hypoxia, proliferation, or metabolism (4, 26). If the 

PETNEWBR images with these tracers are incorporated into IMRT planning, functional 

and molecular target radiotherapy will become practicable. 

 

CONCLUSION 

 Our results suggest that compared to conventional whole-body BGO PET system, the 

new brain PET system using semiconductor detectors can provide better identification 

of tumor boundaries and more accurate tumor delineation; as such, it may be an 

important tool for functional and molecular radiotherapy treatment planning.  
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FIGURE LEGENDS 

Figure 1 

(a) Brain semiconductor PET image and (b) whole-body BGO scintillator PET image 

from patient No. 5 with a T3N2M0 nasopharyngeal carcinoma. On the brain 

semiconductor PET image, the boundary of tumor uptake is more clearly identified.  

(c) Radiotherapy treatment plan based on GTVNEW (PLANNEW) and (d) Radiotherapy 

treatment plan based on GTVCONV (PLANCONV) from the same patient. Blue, aqua, and 

orange lines show 2000 cGy, 1600 cGy, and 1000 cGy isodose lines, respectively. The 

red line indicates PTVNEW, while the green line indicates PTVCONV.  

 

Figure 2 

 Dose-volume histograms of PLANNEW (solid line) and PLANCONV (dashed line) shown 

in Fig.1 for (a) brain stem and (b) cerebrum and cerebellum. 

 



Table 1. Patient characteristics 

Patient No. Sex Age T stage N stage 

1 M 30 T3 N2 

2 M 61 T3 N3b 

3 F 35 T4 N1 

4 M 53 T2b N1 

5 F 55 T3 N2 

6 M 61 T2a N2 

7 F 67 T2a N1 

8 M 76 T2b N2 

9 M 60 T1 N2 

10 M 53 T1 N1 

11 F 71 T3 N0 

12 M 61 T2b N2 



Table 2. Absolute volume of GTV 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: SD = standard deviation 

Patient No. GTVNEW (ml) GTVCONV (ml) Time course 

1 27.9 63.0 Protocol 1 

2 31.6 44.9 Protocol 1 

3 23.4 26.4 Protocol 1 

4 9.8 20.6 Protocol 1 

5 27.8 75.9 Protocol 1 

6 20.8 52.6 Protocol 1 

7 8.9  22.3 Protocol 1 

8 6.7 17.8 Protocol 2 

9 4.9 16.5 Protocol 2 

10 5.3 10.6 Protocol 2 

11 9.1 25.2 Protocol 2 

12 12.6 31.7 Protocol 2 

Average  SD 15.7  9.9 34.0  20.5  

P values 0.0006  



Table 3. The maximum and mean dose of PTV 

Abbreviations: PTV= Planning Target Volume, SD = standard deviation 

Patient No. 

Maximum dose of PTV (cGy) Mean dose of PTV (cGy) 

PLANNEW PLANCONV PLANNEW PLANCONV 

1 2376 2422 2150 2179 

2 2285 2329 2139 2157 

3 2261 2310 2121 2148 

4 2398 2462 2182 2190 

5 2275 2254 2130 2116 

6 2286 2312 2125 2140 

7 2432 2442 2218 2215 

8 2265 2227 2133 2118 

9 2208 2216 2112 2118 

10 2337 2335 2165 2158 

11 2329 2326 2184 2171 

12 2248 2301 2136 2147 

Average  SD 2308  67 2328  79 2150  32 2155  31 

P values 0.0585 0.2748 



Table 4. The maximum dose of cerebrum and cerebellum and brain stem 

Abbreviations: SD = standard deviation 

Patient No. 

Cerebrum and Cerebellum (cGy) Brain Stem (cGy) 

PLANNEW PLANCONV PLANNEW PLANCONV 

1 2182 2340 1895 2176 

2 2224 2333 2137 2191 

3 2260 2310 2186 2189 

4 1278 2377 1223 1879 

5 2227 2246 2072 2197 

6 1737 1627 1327 2011 

7 2430 2442 1371 1603 

8 1878 2196 1068 1613 

9 1860 2164 980 1532 

10 2056 2163 586 664 

11 2329 2326 2243 2173 

12 1555 2274 606 1564 

Average  SD 2001  347 2233  209 1475 612 1816  455 

P values 0.0418 0.0041 
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