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ABSTRACT
We evaluated the potential differences of a digital positron‑emission tomography (PET) prototype equipped with photon‑counting detectors 
(D‑PET, Philips Healthcare, Cleveland, Ohio, USA) in tumor volume delineation compared with the analog Gemini TF PET system (A‑PET, 
Philips). Eleven oncologic patients first underwent clinical fluorodeoxyglucose (FDG) PET/computed tomography (CT) on A‑PET. The D‑PET 
ring was then inserted between the PET and CT scanner of A‑PET and the patient was scanned for the second time. Two interpreters 
reviewed the two sets of PET/CT images for image quality and diagnostic confidence. FDG avid lesions were evaluated for volume measured 
at 35% and 50% of maximum standard uptake value (SUV) thresholds (35% SUV, 50% SUV), and for SUV gradient as a measure of lesion 
sharpness. Bland–Altman plots were used to assess the agreement between the two PET scans. Qualitative lesion conspicuity, sharpness, 
and diagnostic confidence were greater at D‑PET than that of A‑PET with favorable inter‑rater agreements. Median lesion size of the 24 
measured lesions was 1.6 cm. The lesion volume at D‑PET was smaller at both 35% SUV and 50% SUV thresholds compared with that 
of A‑PET, with a mean difference of − 3680.0 mm3 at 35% SUV and − 835.3 mm3 at 50% SUV. SUV gradient was greater at D‑PET than at 
A‑PET by 49.2% (95% confidence interval: 34.1%–60.8%). Given the smaller volume definition, coupled with improved conspicuity and 
sharpness, digital PET may be more robust and accurate in tumor rendering compared with analog PET not only for radiotherapy planning 
but also in prognostication and systemic treatment monitoring.

Keywords: Digital positron‑emission tomography, direct photon counting, fluorodeoxyglucose positron‑emission 
tomography, tumor volume rendering

INTRODUCTION

Positron‑emission tomography/computed tomography (PET/CT) 
is an established imaging modality in oncology for staging, 
restaging, and monitoring response to therapy. PET/CT 
with F‑18 fluorodeoxyglucose (FDG) has become a routine 
examination for baseline staging and radiation treatment 
planning of non‑small cell lung cancer.[1‑4] One distinct 
advantage of PET‑based volume rendering for radiotherapy 
planning is its potential to complement anatomical‑based 
volume to improve tumor delineation, reducing intra‑ and 
inter‑observer variability.[3] Careful optimizations of image 
characteristics and delineation methods are important 
to obtain accurate and reproducible volume‑based PET 
parameters.

Steady improvements in PET detector design and architecture, 
as well as the implementation of time‑of‑flight  (TOF) 
technology, have resulted in significant improvements in PET 
image quality.[5] A new scintillation detector – digital photon 
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counters  – was recently introduced by Philips Healthcare, 
with which conventional photomultipliers have been replaced 
with high‑performance digital detectors and single‑photon 
avalanche photodiodes, enabling true digital photon 
counting.[6‑8] In addition to digital photon counting, the 
detector element size is matched with 4 mm × 4 mm lutetium 
yttrium orthosilicate crystal (LYSO), enabling a 1:1 coupling of 
signals, which eliminates the need for Anger logic for crystal 
identification. A PET prototype equipped with digital photon 
counters and TOF technology (D‑PET, Philips Healthcare) was 
installed at the Department of Radiology, University Hospitals 
Case Medical Center, Cleveland, Ohio, in 2012 as part of an 
industry‑sponsored clinical trial. The current pilot study aims 
to assess the potential differences as well as benefits of D‑PET 
in tumor volume definition compared with an analog Gemini 
TF PET/CT system, Philips Healthcare (A‑PET).

MATERIALS AND METHODS

Patient population
This prospective study includes patients aged 18 years or older 
who were referred for a clinical PET/CT examination. From a 
pool of oncologic patients undergoing clinical FDG PET/CT for 
initial diagnosis and staging as well as restaging, 23 consecutive 
patients were enrolled in this study. Of these, three patients 
were excluded from the analysis because only limited imaging 
of the pelvis was available; thus, twenty patients were included 
for image review. The study was approved by the Institutional 
Review Board, and all patients signed a written consent form.

Imaging protocol
All patients underwent a single‑injection, dual‑imaging 
protocol including the clinical PET/CT scan on the Gemini TF 
PET/CT (A‑PET) and subsequent research PET scanning (D‑PET). 
For this research, we took advantage of the A‑PET feature that 
allows the PET gantry to be separated from the CT gantry by 
approximately 3 ft. After completion of the clinical PET/CT 
scan on the A‑PET, the examination table was withdrawn, 
and the patient was asked to remain still on the table. The 
D‑PET ring was inserted in the gap between the PET and 
CT gantry of the A‑PET scanner. Subsequently, the patients 
underwent an additional acquisition with D‑PET using the 
same axial field of view (FOV) as A‑PET. The same CT data of 
the clinical PET/CT were used for attenuation correction and 
anatomic correlation with D‑PET images. As a result, there 
was no additional radiation other than that already incurred 
during the clinical PET/CT examination.

Clinical positron‑emission tomography/computed 
tomography scanning
Patients fasted for at least 4 h before the examination. The CT 
consisted of a 16‑slice multidetector helical CT and was obtained 

before the PET scan. The CT data were used for generation of the 
CT transmission map, image fusion, and anatomic correlation 
with the PET findings (A‑PET and D‑PET). The parameters for 
the CT were based on institutional guidelines: 120 kVp, pitch 
of 0.829, and 100 mAs (patient weight <68 kg) or 150 mAs 
(patient weight  ≥68  kg). No oral or intravenous contrast 
was administered. The PET scanner has an active transverse 
FOV of 57.6  cm. For PET scanning, the matrix size was 
144 mm × 144 mm; the voxel size was 4 mm × 4 mm × 4 mm. 
The scan time per bed position was as follows: 1.5 min/bed, 
patient weight 45.4–68.0 kg; 2.0 min/bed, patient weight 
68.1–90.7 kg; 2.5 min/bed, patient weight 90.8–136.1 kg; 
and 3.0 min/bed, patient weight >136.1 kg. A list‑mode TOF 
algorithm and line‑of‑response row‑action maximum‑likelihood 
algorithm method, the so‑called BLOB‑OS‑TF, was used for 
image reconstruction.[9,10]

Research positron‑emission tomography scanning
The D‑PET prototype was an investigational device as defined 
by 21 Code of Federal Regulations Part 812. As a research 
device, it was not commercially available and did not have 
Food and Drug Administration 510(k) clearance. After the 
completion of the clinical scan, the scanner table was then 
withdrawn, the D‑PET ring was inserted between the PET 
scanner and CT scanner of the A‑PET, and the patient was 
scanned for the second time and adjusted for tracer delay, 
using the same CT scan from A‑PET for attenuation correction. 
D‑PET has the same transverse FOV of 57.6 cm but a shorter 
axial FOV than the A‑PET scanner (16.4 vs. 18.0 cm). However, 
the total scanning time was the same for both scanners after 
adjustment of tracer decay. Both A‑PET and D‑PET contain 
the same LYSO crystal material with 4 mm × 4 mm × 22 mm 
dimension. As with A‑PET, the image reconstruction with 
4‑mm voxels and matrix size 144 mm × 144 mm, as well 
as the list‑mode TOF with BLOB‑OS‑TF, was used for D‑PET, 
but individual reconstruction parameters were kept as 
recommended by the manufacturer for both A‑PET and 
D‑PET to achieve optimal image characteristics. Point‑spread 
function correction was not used for either system.

Image review and data analyses
The images were reviewed and analyzed using the EBW 
workstation  (version 4.5.3.40140; Philips Healthcare). Two 
experienced interpreters compared the two PET/CT datasets 
side by side for lesion conspicuity, sharpness, and diagnostic 
confidence using a 5‑point scale (1, much worse; 2, worse; 
3, same; 4, better; and 5, much better), all masked to the 
scanner type. The interpreters were, however, aware of the 
clinical indication for PET/CT.

One of the two interpreters obtained measurements of 
imaging data. The A‑PET, D‑PET, and CT images were opened 
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on the EBW workstation together, with PET/CT images being 
linked automatically. A  maximum of six FDG avid lesions 
including the primary tumor, defined as those with maximum 
standard uptake value  (SUV) greater than that of the liver 
parenchyma, were measured for each patient. Whenever 
possible, lesions from different body regions were preferred 
over those within the same region to allow for representative 
lesion measurements. The largest diameter of the lesions 
was measured on axial CT images. For volume delineation, 
thresholds at 35% and 50% of maximum SUV (35% SUV and 
50% SUV) were used, which means that only tissue areas 
above these %SUV values are included for volume definition. 
The measure of lesion sharpness was defined as the greatest 
gradient in mean SUV between two adjacent pixels at the 
margin of an FDG‑avid lesion.[11‑14] The operator drew a 
straight line through the central area of the lesion to obtain 
the greatest SUV gradients at both margins of the lesion, 
and the averaged value (SUV gradient) was used for analysis.

Statistical analysis
Patient characteristics and visual evaluations were 
assessed using measures of central tendency  (median, 
minimum–maximum, 95% confidence interval  [CI]). For 
inter‑rater agreement analyses, the original 5‑point scores for 
lesion conspicuity, sharpness, and diagnostic confidence were 
re‑assigned to 3‑point scores (1 + 2 became 1; 3 became 2; and 
4 + 5 became 3) considering the small sample size. Wilcoxon 
tests were used to compare lesion SUV threshold‑based 
volumes as well as SUV gradients between the two PET 
systems. Besides linear correlations, Bland–Altman plots were 
used to assess the agreement of SUV threshold‑based volumes 
between the two PET systems. P  < 0.05 was considered 
statistically significant. The statistical software MedCalc 
12.7.1 (MedCalc Software, Ostend, Belgium) was used.

RESULTS

Eleven of twenty patients were included in the final 
analyses because they showed FDG avid lesions greater 
than physiologic liver uptake. The median age of these 
11  patients was 65  years  (range, 47–81  years), of these 
11 patients (3 women and 8 men), four underwent PET/CT 
scanning for staging  (2 lung cancer, 1 breast cancer, and 

1 tonsillar cancer) and seven for restaging  (5 lung cancer, 
1 lymphoma, and 2 malignant melanoma). The time delay 
between the two PET scans was 18 min (range, 7–55 min). 
Visual evaluations showed consistently greater image quality 
at D‑PET than A‑PET, with a median score of 4.0 (range, 4–5) 
for lesion conspicuity and sharpness each. Greater diagnostic 
confidence was also observed at D‑PET with a median 
score of 4 (range, 3–5). The two readers showed excellent 
agreement for both lesion conspicuity and sharpness, with 
weighted kappa of 1.0 (95% CI, 1.0–1.0). The agreement was 
fair for diagnostic confidence with weighted kappa of 0.48 
(95% CI, 0.05–0.91).

Median lesion size of the 24 measured lesions was 
1.6  cm  (range, 0.6–9.0  cm). The lesion volume at D‑PET 
was smaller for both 35% SUV and 50% SUV with tighter CIs 
compared with that of A‑PET [Table 1]. The percentage change 
in lesion volume was more drastic with 35% SUV than with 
50% SUV  (median  −31.1%; 95% CI, −40.7% to −21.0% vs. 
median −19.1%; 95% CI −26.6% to −5.9%). For both 35% SUV 
and 50% SUV volumes, the correlation was excellent between 
the two PET scans [Table 1 and Figure 1]. Two examples of a 
metastatic cervical lymph node from tonsillar cancer and a 
lung primary are illustrated in Figures 2 and 3.

Bland–Altman analyses of 35% SUV data showed that, in 
22 of the 24 lesions or one of the 11 patients, the D‑PET 
volume was smaller by an average of −3680.0 mm3 compared 
with that of A‑PET. In two of the 24 lesions or two of the 
11 patients, the 35% SUV volume at D‑PET equaled to or was 
larger compared with that of A‑PET [Figure 4]. At 50% SUV, 
in 19 of the 24 lesions or eight of the 11 patients, the D‑PET 
volume was smaller by an average of −835.3 mm3 compared 
with that of A‑PET. In three of the 24 lesions or three of the 
11 patients, the D‑PET volume was larger compared with 
that of A‑PET, and the volume was unchanged in one of the 
24 patients.

SUV gradient was greater at D‑PET than at A‑PET, with 
excellent correlation between the two PET scanners [Table 1]. 
SUV gradient increased by 49.2% (95% CI, 34.1%–60.8%) with 
D‑PET compared with A‑PET. Correlation between percentage 
change in SUV gradient and percentage change in 35% SUV 

Table  1: Summary of standard uptake value threshold‑based volume and standard uptake value gradient comparisons, P<0.05 for all 
parameters

Median (95% CI) Correlation  (r) Percentage difference median (95% CI)
A‑PET D‑PET

35% SUV volume 6868 (3888‑14,242) 5920 (2591‑9493) 0.98 −31.1 (−40.7‑−21.0)
50% SUV volume 3840 (1888‑7921) 3424 (1470‑5154) 0.99 −19.1 (−26.6‑−5.9)
SUV gradient 2.7  (1.9‑3.7) 4.6  (3.2‑5.2) 0.90 49.2  (34.1‑60.8)
PET: Positron‑emission tomography; CI: Confidence interval; SUV: Standard uptake value
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volume as well as 50% SUV volume was fair (r = −0.49 each, 
P = 0.01).

DISCUSSION

PET‑based tumor definition such as metabolic tumor volume 
and total lesion glycolysis can play a significant role in 
prognostication and restaging and complement anatomical 
tumor definition for radiotherapy treatment planning.[1‑4] 

Accurate and robust methods are, however, required to achieve 
acceptable diagnostic and therapeutic implications. We present 
data about a digital PET prototype that was not approved by 
the Food and Drug Administration but had served for the 
clinical validation of the Vereos PET/CT (Philips Healthcare). 
This prototype scanner has performance characteristics similar 
to the commercially available Vereos PET/CT system, which 
provides excellent TOF‑effective sensitivity (22.0 vs. >18.8) 

Figure  2: A 67‑year‑old woman with biopsy‑proven squamous cell 
carcinoma of the right tonsil for staging. Axial and coronal A‑positron 
emission tomography images (left) showed a volume of 2496 mm3 at 35% 
standard uptake value threshold and D‑positron emission tomography 
images (middle) showed a volume of 1664 mm3 for the right Level II cervical 
lymph node, representing a −33.3% volume reduction at D‑positron emission 
tomography; corresponding computed tomography images (right). Standard 
uptake value gradient was 8.3 at A‑positron emission tomography and 11.1 
at D‑positron emission tomography, corresponding to a 33.7% increase in 
sharpness at D‑positron emission tomography

Figure 3: A 68‑year‑old man with a history of right lung small cell carcinoma 
for staging. Axial and coronal A‑positron emission tomography images (left) 
showed a volume of 88,256 mm3 at 35% standard uptake value threshold 
and D‑positron emission tomography images (middle) showed a volume 
of 81,728 mm3 for the right middle lobe primary, representing a −7.4% 
volume reduction at D‑positron emission tomography; corresponding 
computed tomography images  (right). Standard uptake value gradient 
was 3.8 at A‑positron emission tomography and 4.0 at D‑positron emission 
tomography, corresponding to a 5.0% increase in sharpness at D‑positron 
emission tomography

Figure  4: Bland–Altman plots of 35% standard uptake value threshold 
A‑positron emission tomography  (A) and D‑positron emission 
tomography (D). Differences between A and D (Y‑axis) are plotted against 
the averages of A and D. There was a systematic difference, in that D 
produced smaller volumes than A, with a mean difference of −3680.0 mm3

Figure  1: Correlation between A‑positron emission tomography and 
D‑positron emission tomography at 35% standard uptake value threshold
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and TOF localization (4.6 cm vs. 8.9 cm) compared with Gemini 
TF PET/CT system.[12,15] Hence, digital PET has the potential to 
optimize tumor quantification as well as volume rendering.

To our knowledge, this is the first study to assess the 
potential benefits of digital PET in tumor rendering. 
D‑PET shows greater lesion conspicuity and sharpness 
compared with that of A‑PET and is associated with 
favorable inter‑rater agreements. Favorable measurements 
of SUV gradients further support the qualitative findings. 
Coupled with the increase in diagnostic confidence, the 
visual interpretation of tumor edge will improve as well as 
the intra‑ and inter‑observer variability will decrease. The 
measurable increase in lesion sharpness with D‑PET as well 
as its correlation with SUV threshold‑based volumes, albeit 
fair with r = −0.49, is the result of improved detector 
design and image characteristics. Particularly, given the 1:1 
coupling of signals and improved TOF resolution  (495 ps 
A‑PET; 307 ps D‑PET), the spatial resolution with D‑PET is 
improved, and a more uniform resolution can be achieved 
across the detector surface.[12] Although the reconstruction 
parameters were not the same and individually optimized 
for both PET systems, the image reconstruction algorithms, 
crystal material, and dimensions as well as matrix size were 
the same, and no point‑spread function correction was 
used. Moreover, phantom studies facilitating a head‑to‑head 
comparison of the two PET systems at both clinical condition 
and high count statistics, using the same reconstruction 
algorithm and parameters, showed that despite lower NEMA 
(NU 2–2007) sensitivity, D‑PET achieved greater contrast by 
as much as 12% and greater spatial resolution (6.55 mm vs. 
6.90 mm full width at half maximum) compared with that 
of A‑PET.[12] Therefore, the greater image quality observed 
with D‑PET is not attributed to having a higher number of 
events, but rather the result of combined effects involving 
detector design, time digitizer, system corrections, and 
reconstruction parameters. The design of the digital PET 
prototype is, however, not without limitations. Although 
digital PET technology can provide improved performance 
and new features such as dark count rate suppression, 
the implementation of embedded readout circuitry into 
the detector chip by combining single‑photon avalanche 
diodes  (SPADs) with low‑voltage complementary metal 
oxide‑semiconductor logic on the same silicon substrate 
can face significant design constraints.[16,17] For example, 
placing the circuitry too close to the SPAD may decrease the 
fill factor, which may lead to suboptimal photon detection 
efficiency.[16,18] This effect might explain the lower NEMA 
sensitivity of the digital PET system compared with A‑PET.[12] 
These technical challenges need to be resolved in future 
developments of digital PET systems.

Volume rendering based on SUV threshold method may not 
correlate well with SUV gradient method because the former is 
highly dependent on the scanner characteristics such as spatial 
resolution, reconstruction method, and filtering, which may 
affect the lesion maximum SUV and the lesion volume. The 
SUV gradient method is, however, less susceptible to changes 
in background SUV or maximum SUV because it is a function 
of relative voxel values at the lesion periphery.[14,19] D‑PET 
shows smaller lesion volumes with tighter confidence intervals 
compared with A‑PET at both 35% SUV and 50% SUV thresholds. 
Thus, digital PET has the potential to provide robust algorithms 
for reliable and precise tumor delineation.[20] Moreover, D‑PET 
has the potential to reduce radiation dose as well as toxicity 
to the surrounding tissues. Areas of nonspecific uptake – such 
as atelectasis and physiologic liver uptake – may be better 
separated from the actual tumor because of higher contrast and 
sharpness. Hence, atelectasis may be better omitted during the 
radiation treatment planning. Another benefit of D‑PET may 
involve radiation dose escalation, allowing accurate targeting 
of metabolically high‑risk subvolumes within the tumor. 
Thresholds of 15%–50% of maximum SUV have been used for 
gross tumor volume delineation in radiotherapy planning.[2,21] 
Thus, the selected 35% SUV and 50% SUV thresholds are 
consistent with the range used in clinical practice and research.

Metabolic heterogeneity carries information about tumor 
aggressiveness and clinical outcome.[22] The clinical Vereos 
PET/CT scanner enables unrivaled 1‑mm slice thickness 
reconstruction, which will enhance the detection and 
characterization of heterogeneity beyond the current analog 
PET systems.[8] Reconstruction with 1‑mm slice thickness 
may be particularly helpful in radiotherapy planning of 
brain lesions when accurate tumor rendering is most vital 
to preserve normal brain tissue.

Our study has some limitations. Although the scan sequence, 
with D‑PET being performed after A‑PET in all patients, might 
favor D‑PET regarding SUV measurements considering the 
gradual increase in tumor uptake, we did find a 36% increase in 
lesion maximum SUV from A‑PET to D‑PET (5.3 vs. 7.2), which 
however was not statistically significantly associated with the 
time delay. A recent study confirmed the greater image quality of 
the commercial digital PET system (Vereos PET/CT) compared to 
the analog Gemini TF system, in which the scan sequence varied 
among patients, and the digital PET scanning was performed 
either before or after the standard‑of‑care PET scan.[23]

We also acknowledge the small sample size of the pilot 
study, which may be associated with greater variations in 
the measurements. However, statistical tests account for 
the variability of the measurements and do not invalidate 
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a statistically significant difference. We did not include CT 
volumes to correlate with PET‑based volumes because the 
goal was to demonstrate the potential differences between 
the two PET scanners and because the CT was noncontrast 
and would have limited the CT measurement in some lesions. 
Correlation of anatomical with metabolic volume, however, 
will be important in future studies. Only lesions with FDG 
uptake greater than that of the liver parenchyma were 
included so as to avoid automatic contouring of physiologic 
structures such as liver activity, but lesion contouring using 
the liver parenchymal uptake as a threshold is common 
in clinical practice.[1] The measured lesions were rather 
small with a median of 2.6 cm. It is likely that the volume 
reduction with D‑PET is greater for smaller lesions than for 
larger ones because of the surface area–volume relationship. 
Consequently, the benefits of digital PET in tumor rendering 
may be less suitable for large lesions, but this needs to 
be evaluated in future clinical trials. We used the SUV 
threshold‑based method for volume rendering to compare 
the two PET systems although the incorporation of other 
methods such as the SUV gradient‑based method would 
have shed more light on the potential benefits of digital PET.

CONCLUSIONS

Given the smaller volume definition, coupled with improved 
lesion conspicuity and sharpness, digital PET may be more robust 
and accurate in tumor rendering compared with analog PET, 
not only for radiotherapy planning but also in prognostication 
and systemic treatment monitoring. Digital PET opens new 
perspectives for tumor quantification and characterization but 
requires further validation in future clinical studies.
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