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Abstract
This paper presents a simulation study todemonstrate that the contrast recovery coefficients (CRC) and
detectability of small lesions of a one-meter-longpositron emission tomography (PET) scanner canbe
further enhancedby the integrationof high resolution virtual-pinhole (VP)PETdevices. The scanner
under investigation is a SiemensBiographVisionQuadrawhichhas an axialfield-of-view (FOV)of
106 cm.TheVP-PETdevices contain twohigh-resolutionflat panel detectors, each composedof 2× 8
detectormodules eachofwhich consists of 32× 64 lutetium-oxyorthosilicate crystals (1.0× 1.0× 10.0
mm3 each). Two configurations for theVP-PETdevice placementwere evaluated: (1)place the twoflat-
panel detectors at the center of the scanner’s axial FOVbelow the patient bed; (2)place oneflat-panel
detector at the center of thefirst and the last quarter of the scanner’s axial FOVbelow thepatient bed.
Sensitivity profilesweremeasured bymoving a point 22Na source stepwise across the scanner’s FOV
axially at different locations. To assess the improvement inCRCand lesiondetectability by theVP-PET
devices, an elliptical torsophantom (31.6× 22.8× 106 cm3)wasfirst imagedby the native scanner then
subsequently by the twoVP-PETgeometry configurations. Spherical lesions (4mmindiameter)having
5:1 lesion-to-background radioactivity concentration ratiowere grouped andplaced at nine regions in the
phantom to analyze the dependence of the improvement in plane.AverageCRCs and their standard
deviations of the 7 tumors in each groupwere computed and the receiver operating characteristic (ROC)
curveswere drawn to evaluate the improvement in lesiondetectability by theVP-PETdevice over the
native long axial PET scanner. The fractionof coincidence events between the inserts and the scanner
detectorswas 13%–16% (out of the total number of coincidences) forVP-PETconfiguration 1 and2,
respectively. TheVP-PET systemsprovide higherCRCs for lesions in all regions in the torso,withmore
significant enhancement at regions closer to the inserts, than thenative scanner does. For any given false
positive fraction, theVP-PET systemsoffer higher true positive fraction compared to the native scanner.
Thisworkprovides a potential solution to further enhance the image resolutionof a long axial FOVPET
scanner tomaximize its lesiondetectability affordedby its super high effective sensitivity.

1. Introduction

Positron emission tomography (PET) is amolecular imaging technique that has evolved from a highly exclusive
research tool accessible in only selectedmedical centers to awidely available tool inmany hospitals for the
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detection of cancermetastasis andmonitoring of treatment response (Gallagher et al 1977, Kuhl et al 1977,
Gallagher et al 1978, Som et al 1980, Glaspy et al 1993, Nieweg et al 1993, Rege et al 1993, Knuuti and
Nuutila 1999, Anand et al 2009,Weber 2010,Humbert et al 2015). Currently, PET/CT is commonly used in
clinical oncology to visualize glucosemetabolism in cancer. It has been long established that pretreatment
imagingwith PET/CT gives oncologists valuable insight into the prognosis of a cancer based on quantifiable
metrics such asmetabolic tumor volume (MTV), total lesion glycolysis (TLG), and standardized uptake value
(SUVmax) for awide range of cancer types (Im et al 2016, Chen et al 2017, Zhu et al 2017,Hwang et al
2017a, 2017b, Kim et al 2021). However, as a photon-deficient imaging technology, the utility of PET remains
constrained by factors such as low signal-to-noise ratio,moderate spatial resolution, long scanning time and
concerns about radiation dose (Budinger 1998, Slomka et al 2016, Berg andCherry 2018, Zhang and
Knopp 2020). Signal-to-noise ratio (SNR) of PET images is primarily driven by the number of 511 keVphoton
pairs detectedwhile the spatial resolution of a commercial whole-body (WB)PET system is partly limited by the
photon acollinearity effect, which accounts for the diameter of the PET system and the increased cost of the
system associatedwith using smaller crystals (Moses andDerenzo 1993, Berg andCherry 2018).

Extending the axial length of a typical clinical PET scanner offers the potential to dramatically enhance the
sensitivity of PET (Cherry et al 2018, Badawi et al 2019, Pantel et al 2020, Tan et al 2020, Vandenberghe et al 2020,
Zein et al 2020, Lan et al 2021), thereby improving the SNRof the PET images by: (1) covering a greater portion
of the patients’ body to collectmore signals and (2) increasing the solid angle coverage of a particular organ in the
patients’ body. In a recent study (Cherry et al 2018), Cherry et al found that extending aWBPET scanner from a
typical 20 cm axialfield-of-view (FOV) to a 200 cmFOV (total body PET) increases the effective sensitivity by
approximately 40 times (asmeasured by the noise-equivalent counting rate) for head-to-toe imaging and about
24 times for themore clinically common ‘eyes to thighs’ imaging. This gain presumably enhances not only the
detectability of smaller or lower-contrast structures and lesions, but also improves the detection of lesion
boundaries and allows for better quantification of volumes, thus allowing better estimates ofMTV, TLG, and
SUVmax in assessing disease prognosis. The sensitivity gainmay be also used to reduce the typical 10–20 min
imaging time of a clinicalWBPET scan by a factor of 40—down to 15–30 s—whilemaintaining the same SNR.
Finally, the long axial FOV scannermay be used for lowdose imaging applications. This effective sensitivity gain
can be further increased by improving the timing resolution of the detectors (Conti 2009, 2011, Surti 2015).
Overall, recent studies have found that a long axial FOV scanner drastically improves both the sensitivity and
temporal sampling capability of PET compared to previous-generation short axial FOV systems (Viswanath et al
2020, Alberts et al 2021, Spencer et al 2021). However, for a single bed position, the per-organ sensitivity gain is
2–3 times that of a conventional scanner and is limited to the center FOVof the scanner axially.

Evenwith ultra-high effective sensitivity in the center, a long axial FOV scanner still has its drawbacks. First,
the spatial resolution of such a systemhas not been significantly improved. Assuming a ring diameter of>80 cm,
the blurring from the so-called photon non-colinearity effect on the image resolution of a clinicalWB-PET
(including long axial FOV scanners) can be asmuch as∼2 mm full-width-at-half-maximum (FWHM)when
accurate resolutionmodels of point spread functions (PSF)were not applied to recover such physics effect.
While the overall image resolution of a clinicalWB-PET scanner can still be improved by using small crystals or
detectors with depth of interaction technology, it is highly limited by the photon non-colinearity effect. By
comparing the effects of detector intrinsic spatial resolution versus coincidence resolving time (CRT) on tumor
detectability underWB imaging protocols, Surti et al (Kim et al 2021) found that both detectors of higher timing
resolution and higher intrinsic spatial resolution improve lesion detectability. This work suggests that the
imaging performance of PET is controlled and limited by system sensitivity under theWB imaging conditions.
Furthermore, Jiang et al (Zhou andQi 2009). Studied the effect of enhanced system sensitivity versus spatial
resolution on tumor detectability of a biograph vision PET/CT scanner equippedwith high-resolution outsert
detectors and found that the enhancement of image performance from the outsert is due to both boosted system
sensitivity and boosted image resolution, albeit predominantly the latter. Altogether, thesefindings prompted
efforts to improve the spatial resolution of a long axial FOVPET scanner to further expand its potential
applications in the study of human disease. Furthermore, the effective sensitivity of such a system at the edge in
the axial direction is not improved as significantly compared to the center. Thus, the image quality is
nonuniform in the axial direction. Therefore, technologies that selectively improve image resolution at the edge
of a long axial FOVPET scannermay improve lesion detectability at the edge of the axial FOV thereby improving
the overall performance of a total body PET scanner.

Zoom-in PET (Zhou andQi 2009), multi-resolution PET (Clinthorne et al 2004, Park et al 2007a, 2007b),
and virtual-pinhole PET (VP-PET) (Tai et al 2008) are technologies that improve the image resolution of a native
PET scannerwith a common approach in connecting a group of high-resolution detectors to the scanner and
combining coincidences from the scanner itself and the region between the scanner and the insert. The photon
detection efficiency is also increasedwhen the high-resolutionVP-PET detectors are placed close to the regions
of interest.We previously reported the development of several VP-PET systems and their contribution to the
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enhancement of lesion detectability of a PET scanner (Wu et al 2008,Mathews et al 2013, Jiang et al 2019a). In
this work, we report the design of VP-PET devices to improve the uniformity of lesion detectability along the
axial direction for a long axial FOVPET scanner.We used theMonte Carlo technique to simulate a torso
phantom imaged by a Siemens BiographVisionQuadra scanner equippedwith different VP-PET devices.
Images of the torso phantomwere then produced using an image reconstruction software that runs onmultiple
graphics processing units (GPUs) based on the listmodemaximum likelihood estimationmaximization
(MLEM)method (Li 2017, Jiang et al 2019a). Contrast recovery coefficient (CRC) and lesion detectability are
analyzed to assess performance enhancement by theVP-PETdevices.

2.Materials andmethods

2.1.Monte carlo simulation
WeusedGATE (Jan et al 2004, Sarrut et al 2014, 2021) to evaluate the sensitivity and lesion detectability of a long
axial FOVPET scanner bothwith andwithoutVP-PET devices. In this study, the scanner used is a 106 cm axial
FOVSiemens BiographVisionQuadra (Prenosil et al 2022)which is composed of 1216 detectormodules
arranged in 32 rings with a radius of 422 mm. Eachmodule consists of a lutetium-oxyorthosilicate (LSO) array,
each of which contains 20× 10 crystals, with dimensions 3.2× 3.2× 20.0mm3. The nativeQuadra scanner uses
76 detector electronics assemblies (DEAs), of which each processes signals from16 detectormodules (8
rings× 2/ring).We simulated twoVP-PET systems as shown infigures 1(b) and (c) to evaluate the dependence
of lesion detectability on the resolution of the one-meter-long scannerwith ultra-high sensitivity. BothVP-PET
systems contain two high-resolution flat-panel devices, each composed of 2× 8 high-resolution detector
modules, each of which is further composed of 32× 64 1.0× 1.0× 10.0mm3 sized LSO crystals. The total
dimensions (129× 263× 10mm3) of the LSO arrays in an insert are the same as one standardDEAs in the
BiographVisionQuadra scanner. In configuration 1, the two inserts are placed at (0,−195.0,−65.0)mmand
(0,−195.0, 65.0)mm (configuring the center of the scanner’s imaging FOV to (0, 0, 0)mm) to form a bigger
flat-panel of length 130 mmat the axial center of the system. In configuration 2, the two inserts are placed at
(0,−195.0,−396.0)mmand (0,−195.0, 396.0)mmto improve image resolution near the axial edges of the
scanner’s FOV. A torso phantom (31.6× 22.8× 106 cm3)was subsequently centered in the scanner’s imaging
FOV. Sixty-three spherical tumors (7 lesions in one group, as shown infigure 2(a))were placed at the center of
the scanner, as well as at the center of the edge quarter as shown infigures 2(b) and (c), respectively. The center of
the edge quarter is 396 mmoff from the scanner center axially. The diameter of the lesionswas set to be 4 mm
and 5mmsubsequently. The lesion-to-background ratiowas 5 for the 4 mm lesion study and 3 for the 5 mm
tumor study by filling 18F solutions in the torso phantomand lesionwith an initial activity concentration of
5.3 kBq ml−1 in the background. Both scanner and insert detectors were assumed conservatively to have aCRT
of 250 ps (FWHM) and energy resolution of 12% at 511 keV (FWHM). The energywindow in the simulation
was 435–650 keV. Scatter and randomevents were excluded to produce images. All cross-coincidences were
accepted in the image reconstruction.

2.2. Imaging reconstruction
Ageneral-purpose reconstruction framework that can reconstruct images under arbitrary spatial placements of
detector crystals with different dimensions to support the asymmetric and unconventional geometry of VP-PET

Figure 1. (a)ASiemens BiographVisionQuadrawith an axial field-of-view (FOV) of 106 cm; (b)ASiemens BiographVisionQuadra
equippedwith one big panel insert; (c) a Siemens BiographVisionQuadra equippedwith two inserts placed at 1/8 and 7/8 of the
scanner’s axial FOV.

3

Phys.Med. Biol. 68 (2023) 145011 J Jiang et al



devices has been developed (Mathews et al 2015). An image reconstruction software based on listmodeMLEM
algorithm running onmultipleGPUs (Huh et al 2009, Cui et al 2011, Pratx et al 2011a, 2011b) to compute the
systemmatrix on-the-fly already exists (Jiang et al 2019b). The quantitative accuracy of this frameworkwas
evaluated in an imaging study that uses a Siemens BiographVision PET/CT scanner to scan aNational Electrical
Manufacturers Association (NEMA) image quality (IQ) phantomand compares its images reconstructed using
this framework versus Siemens’s software (e7 tools) using theOP-OSEM-TOFmethod (Samanta et al 2021).
Forward projection of the attenuation coefficientmap of the known geometry of the object was used to correct
for attenuation, which in practice can be obtained via CT images (Keesing et al 2012). The attenuation of the
inserts was also included in the attenuation correction. The overall geometric effect and the individual crystal
efficiencywere considered in the component-based normalization (Keesing et al 2012, Samanta et al 2021).
Images are reconstructed using prompt events in a 3D rectilinear space of 400× 400× 1060 cubic voxels, with
each voxel 1× 1× 1mm3. TOF informationwas used to reconstruct simulated data; randomand scatter
correctionswere not applied in the reconstruction of the 3D images.

2.3. Sensitivity profile
Tomeasure the sensitivity profile of the simulated systems, a point 22Na sourcewasmoved stepwise across the
axial FOVof the scanner at different vertical locations (Y=−100, 0, or 100 mm). To characterize the sensitivity
of the scannerwithout orwith theVP-PET devices, the portion of coincidence events acquired by different
detector groupswasmeasured (Scanner-Scanner—SS, Scanner-Insert—IS) as specified in table 1. The total
number of prompt coincidence events acquired by the scanner and the inserts were normalized to the number of
decays from the 22Na source.We plotted the sensitivity profiles as a function of the source location across the
axial FOV.

2.4. Contrast recovery coefficient and receiver operating characteristic
TheCRC for every known lesionwas computed to quantify the performance of the scannerwithout orwith the
VP-PETdevices when used for small lesion and structure detection. Using theNEMANU2–2018 standard
(Association 2018), CRCi for the ith spherical tumorwas computed:

C

C
CRC 100%

1
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. 1i

t i
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Here, Ct i, is themean count density in the ith lesion andwas estimated by drawing a spherical ROI over the
center of the corresponding sphere in the image volume. The diameter of the ROI is 4 mm,which is the same as

Figure 2. (a)Tumor distribution simulatedwithin the torso phantom; (b) side view of configuration 1, a SiemensVisionQuadrawith
the inserts placed at the center of the scanner’s axial FOV. (c) Side view of configuration 2, a SiemensVisionQuadrawith two high-
resolution inserts placed at 1/8 and 7/8 of the scanner’s axial FOV.

Table 1.Enhancement in sensitivity by the VP-PETdevices.

Configurations Configuration 1 Configuration 2

Sensitivity enhancement IS/Total SS/Total Total/ScannerOnly IS/Total SS/Total Total/ScannerOnly

Y=−100 mm 14.24% 85.76% 103.27% 11.55% 88.45% 106.58%

Y= 0 mm 7.93% 92.07% 101.40% 6.63% 93.37% 103.43%

Y= 100 mm 5.91% 94.09% 101.24% 4.94% 95.06% 102.51%
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the diameter of the spherical lesion under evaluation.Within anROI, the average count was computed by
summing theweighted counts in voxels overlappingwith the ROI. Count density of the background, C ,b was
calculated using the average counts of voxels in a 3D cubic ROI drawn from20 adjacent slices. Uptake is the
tumor-to-background ratiowhich is 5 in this study. The average CRCs and standard deviation of the seven
lesions in each group are reported in this simulation study.

To further compare the lesion detectability of the scannerwith versus without theVP-PETdevices, ROC
curves (Hajian-Tilaki 2013)were constructed by plotting the true positive fraction (TPF) as a function of the false
positive fraction (FPF). For a given threshold, TPFwas determined by the number of lesions withmean count
densities higher than the threshold divided by the total number of lesions. The FPFwas determined by the
number of all possible ROIs having the same dimension as the lesions under evaluationwithmean count
densities higher than the threshold divided by the total number of all possible spherical ROIs in the image
volume. A hexagonal gridwas selected and drawn over the entire 3D image volume and spherical ROIswith
dimensions of the lesions were drawn at all vertexes within the phantomof the hexagonal grid to calculate the
mean count density, allowing us to calculate TPF and FPF against all possible threshold values (Linnet 1987,
Hanley 1989).

3. Results

3.1. Sensitivity profile
Figure 3 shows the sensitivity profile of the scannerwith orwithout VP-PET devices when a point 22Na source
wasmoved step-by-step across the FOV axially at different vertical positions (Y= 100 mm, 0 mm, and
−100 mm). By computing the area under the curves (AUC) of sensitivity profiles in comparison, the overall
sensitivity improvement for configurations 1 and 2 over the nativeQuadra scannerwas evaluated. Results are
presented in table 1. The fractions of IS events are 14.24%, 7.93%, and 5.91%whenY=−100, Y= 0, and
Y= 100 mm, respectively in configuration 1. The overall sensitivity enhancements of configuration 1 over the
native scannerwere 3.27%, 1.40%, and 1.24%whenY=−100,Y= 0, andY= 100 mm.The fractions of IS
events are 11.55%, 6.63%, and 4.94%whenY=−100,Y= 0, andY= 100 mm, respectively in configuration 2.
The overall enhancements of configuration 2 over the native scannerwere 6.58%, 3.43%, and 2.51%when
Y=−100,Y= 0, andY= 100 mm.

3.2. Lesion detectability
Coincidence events were acquired using theQuadra scanner for 180 sfirst then using the other twoVP-PET
systems as shown infigures 1(b) and (c) subsequently. Imageswere produced using theMLEM-based image
reconstruction codewith different simulated scan durations of 30–180 s for the three simulated systems.

Figure 3. Sensitivity profiles at different vertical positions when a point 22Na sourcewasmoved step-by-step across the one-meter-
long scanner axially without or withVP-PETdevices. SS is the coincidence events between scanner detectors; IS is the coincidence
events between insert detectors and scanner detectors when theVP-PETdevices are integratedwith the scanner. ‘Scanner only’
represents experiments carried out sans theVP-PETdevice. The purple vertical lines in thefigures represent the center of the edge
quarter of the scanner, whichwas 396 mm from the center of the scanner.
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Figure 4 illustrates the reconstructed transaxial images of the torso phantom scannedwith different system
configurations and scan timeswhen the lesionswere 4 mm in diameter. From left to right, columns represent
scan times of 30 s, 60 s, 120 s, and 180 s after 30 iterations. From top to bottom, rows represent images captured
at the center by the native scanner, at the center by configuration 1, at the center of the edge quarter (one-eighth
the axial FOV froman edge) by the native scanner, and at the center of the edge quarter by configuration 2.

MeanCRCs of the 7 lesions in each group of all the reconstructed imageswere computed to further quantify
the enhancement by theVP-PETdevices. The results are shown in figure 5. Figure 5(a) shows the comparison of
the average CRCs of the 7 tumors in each group at the center and at the edge. Tumors gain higher contrast
recovery in the center than at the edgewhen the scan time is 30 s. However, tumors at the edge gain higher
contrast recovery with 120 s and 180 s scans. This suggests that the axial resolution at the edge is higher
compared to the center of the long scanner due to lower parallax error. The average CRCs are 0.12± 0.05, 0.11±
0.02, and 0.11± 0.02 for tumors in region 5 in center slices and 0.09± 0.06, 0.15± 0.04, and 0.16± 0.04 for
tumors in the same region at the center of the edge quarter in the native scanner under 30 s, 120 s, and 180 s scan,
respectively. CRCs of the tumors at the center of the native scannerwere improved by the large panel detector in
configuration 1while CRCs of the tumors at the center of the edge quarter were also enhanced by the insert
detectors in configuration 2. The enhancement wasmore significant for the tumors that are closer to the panel.
For example, for a 120 s scan, the CRCs of the tumors in regions 7, 8, and 9were 0.06± 0.01, 0.09± 0.01, and
0.10± 0.01 in the center slice of the native scanner image. These valueswere improved to 0.12± 0.02, 0.17±
0.02, and 0.16± 0.02 respectively when using theVP-PET insert in configuration 1.

Comparing the first row (center slice without VP-PET) versus the second row (center slice withVP-PET) of
the images infigure 4 demonstrates a contrast improvementwith the addition of theVP-PET device from

Figure 4.Different slices of reconstructed transaxial images of the torso phantomwere simulatedwith a Siemens BiographVision
Quadra scanner, as well as the scanner equippedwithVP-PETdevices at different locations in the simulation. Lesions are 4 mm in
diameter. Tumor-to-background activity ratio is 5.
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Figure 5.Comparison of average CRCs of 7 tumors in different regions of images from (a) scanner center and edge quarter center of
the native scanner; (b) center slice of the native scanner and configuration 1; (c) edge quarter center of the native scanner and
configuration 2.
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figure 1(b). Similarly, comparing the third row versus the fourth rowdemonstrates a contrast improvement with
the addition of theVP-PET device from figure 1(c). Altogether, the addition of VP-PET technology to a long
axial FOVPET scanner allows for a visible contrast improvement compared to the native scanner alone.

Figure 6(a) shows the comparisonofROCcurves of images at the center and at the center of the edge quarter of
the native scanner under different imaging times. As expected, longer scanning times corresponded to the higher
tumordetectability. The scanner provides higher tumordetectability in the center compared to the edge axially.

Figure 6(b) shows the comparison of ROC curves of images in the first and second rows infigure 4 across
different scan times.With a flat-panel VP-PET device in the center of the long axial scanner, tumors in the center
slice were resolvedmore clearly compared to by the native scanner alone. As shown infigure 6(b), for any given
FPF, configuration 1 offers higher TPF compared to the native PET scanner. For instance, TPF0.05 (value of TPF
when FPF= 0.05) for the native scanner at the center slice for 30 s, 60 s, 120 s, and 180 s imaging times is 0.59,
0.77, 0.89 and 0.95, respectively. The TPF0.05 is improved to 0.70, 0.84, 0.94 and 0.98 by the flat-panel inserts in
configuration 1.

Figure 5(c) shows the comparison of ROC curves of images in the third and fourth rows infigure 4 under
different scan times. As shown infigure 5(c), for any given FPF, configuration 2 also offers a higher TPF
compared to the nativeQuadra PET scanner in the edge slice. For instance, the TPF0.05 is 0.35, 0.50, 0.75, 0.91 for
the native scanner for 30 s, 60 s, 120 s, and 180 s scans respectively. The TPF0.05 is improved to 0.66, 0.73, 0.87,
and 0.97 by the flat-panel devices in configuration 2.

Figure 7 illustrates the reconstructed coronal images of the torso phantomby different system
configurations of the 60 s scan. Tumors shown in the images are the three lesions in the second rowof group 9 in
3 different slices. From top to bottom, images were captured by the native scanner, in configuration 1 and 2,
respectively. For the image under 60 s scan by the native scan, the tumors at the edgewere observedmore clearly
axially than those in the center. This implies that the axial image resolution in the center of a long scannerwas
degraded by the parallax error compared to that at the edge. As illustrated infigures 7(b) and (c), visual
enhancement of the contrast recoverywas observed for tumors at the center of the native scanner by the large
panel detector in configuration 1 and for tumors at the center of the edge quarter by the insert detectors in
configuration 2.

The reconstructed transaxial images of 60 s scan and 180 s scanswhen the lesion diameter was 5 mmwere
shown infigure 8(a). From left to right, columns represent scan times of 60 s and 180 s after 30 iterations. From
top to bottom, rows represent images captured at the center by the native scanner, at the center by configuration
1, at the center of the edge quarter by the native scanner, and at the center of the edge quarter by configuration 2.

Comparisons of ROC curves were shown infigures 8(b) and (c). As shown in the images infigure 8(a), visual
improvement of contrast recovery of the lesions at the center and that of lesions at the edgewas observed in
configuration 1 and configuration 2, respectively. ROC curves infigures 8(b) and (c) demonstrate similar results
as illustrated infigure 5 that the tumor detectability of lesions of 5 mm in diameter can be improved by
improving the image resolution via VP-PET technology.

4.Discussion

WithUltra-high sensitivity, a long axial FOVPET scannermay enable new applications of PET both in clinical
research and in patient care. However, given a ring diameter larger than 80 cm andwithout applying an accurate

Figure 6.Comparison of ROC curves of images from slices (a) at the center of the scanner Vs. at the edge quarter of the scanner; (b) at
the center of the native scanner and configuration 1; (c) at the center of the edge quarter of the native scanner and configuration 2.
TPF0.05 is the value of TPFwhen FPFwas limited to be 0.05.
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resolution/PSFmodel, the spatial resolution ofWB-PET is limited to be no better than∼2 mm (FWHM) by the
photon acolinearity effect. The 511 keV gamma rays traveling along the axial directionmay enter a detector
array at a large oblique angle resulting in significant crystal penetration and parallax error that can compromise
the image resolution of a long axial FOVPET scanner. In this work, we proposed flat-panel insert devices for
enhancing contrast recovery and improving lesion detectability via VP-PET technology. CRCs of spherical
lesions at different regions andROCcurves of different systemswere analyzed in comparison to reflect the
validity of theVP-PET technology.Without a close-form analytical reconstructionmethod tomodel the
asymmetric geometries of VP-PET systems in this study, the image resolution of a VP-PET system and that of a
native PET scanner can be quantitatively comparedwith each other by subtracting a uniformbackground from
the statistically calculated images.

We observed remarkable enhancement in contrast recovery and tumor detectability of small structures in
selected target regions by theflat-panel VP-PET insert devices. Further improvements to the overall system
image resolution and/or sensitivity involve optimizing the design of the insert detectors, which is often a trade-
off between the desired performance and cost-effectiveness and is constrained by other design considerations
such asmechanical integration to the native scanner and image correction techniques. The choice of detector
technologywillfirst need tomatch the insert detector performance to that of the scanner detectors to avoid
system re-development. For example, as we are trying to achieve high intrinsic detector spatial resolution, the
timing resolution of the insert detector needs to have a comparable performance with that of the scanner
detector to take advantage of the TOF-PET features. The decision of crystal dimensions of the insert detectors is
also the result of the consideration of the detection sensitivity versus system resolution. A shorter crystal length
willmitigate the parallax effect at the cost of sensitivity degradation of IS event detection. If the total number of
readout electronics is limited by the design of the firmware or hardware, a larger crystal-sectionwill increase the
solid angle coverage of theVP-PET detector thus enhancing the overall system sensitivity at the expense of

Figure 7.Coronal images of the torso phantom simulatedwith a Siemens BiographVisionQuadra scanner, as well as the scanner
equippedwithVP-PET devices at different locations in the simulation. Lesions are 4 mm in diameter. Tumor-to-background activity
ratio is 5.
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resolution degradation. As a result, various factors will need to be taken into consideration cautiously for
designing the actual insert detectors optimally before the implementation of aVP-PET system. For future
commercial devices, further studies to determine themost cost-effective design for the proposedVP-PET
technology need to be conducted.

Based on the location of tumors, or the target locations for the scan, the detector arrangement could be
further optimized. For instance, given a primary tumor diagnosis of breast cancer, there is a relatively high
chance ofmetastatic spread to the ovaries and liver compared to other sites. Thus, we can take advantage of
knownmetastatic patterns of different cancers, which has been long established in literature, to selectively
enhance the resolution of sites at which there is a higher chance of cancer spread in an effort to reduce the
number of occultmetastases that go undetected (Budczies et al 2015).Moreover, VP-PETmay yield specific
benefits for certain types of cancer; in non-small-cell lung cancer (NSCLC), for example, an increased resolution
at the pulmonary lesionsmay help tomore accurately stageNSCLC and reduce the number of stage-
inappropriate surgeries (Fischer et al 2009,Maziak et al 2009).

One challenge related to the targeted placement of insert detectorsmay be the size of a patient’s body that
could hinder us fromplacing detectors at desired locations given the limited space in the patient port. Therefore,
the image quality of VP-PET insert systems should be further studied to optimize the imaging protocol given
such a space constraint in the placement of the insert.

A long axial FOV scanner drastically improves the sensitivity gain, especially at the center of the scanner.
However, the axial image resolution is degraded at the center compared to that at the edge, due to the parallax
error. Because of the degradation, the CRCs of lesions at the center are lower than those at the edge. The tumor
detectability is higher at the center of the scanner compared to the edge of the scanner axially. A high-resolution

Figure 8. (a)Different slices of reconstructed transaxial images of the torso phantom simulatedwith a Siemens BiographVision
Quadra scanner, as well as the scanner equippedwithVP-PETdevices at different locations in simulation. Lesions are 5 mm in
diameter. Tumor-to-background activity ratio is 3. (b)Comparison of ROC curves of images from the center of the native scanner and
the center of configuration 1; (c) comparison of ROC curves of images from the center of the edge quarter of the native scanner and
configuration 2.
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insert placed at the center of the scanner, e.g. in configuration 1, enhanced the image resolution of regions in the
center of the scanner, thus enhancing theCRCs and lesion detectability of the lesions located in this region.

Table 2 listed the TPF0.05 of ROC curves infigure 5. Aswe can notice, the values of TPF0.05 at the center of the
edge quarter of configuration 2was comparable with those at the center of the native scanner. This suggests that
the uniformity of lesion detectability along the axial directionwas improved by placing high-resolutionVP-PET
devices at the center of the edge quarter.

All images were produced using aGPU-based list-modeMLEM frameworkwhere component-based
normalization has been implemented. The normalization in the software was simplified and only took
geometric effects and individual crystal efficiency into account. To reconstruct fully quantitative images from
theVP-PET systems, other components such as dead time parameter, the crystal interference pattern of the
insert detectors, and axial effects ought to be included in the future.With a device of approximately 10 mm thick
close to the imaging target, scatter and randomcorrectionsmust also be applied for theGPU-based image
reconstruction framework.

5. Conclusion

In this work, we carried out a simulation study to compare the performance in terms of lesion contrast recovery
and detectability of a one-meter-long PET scannerwith andwithout VP-PETdevices. Results show that even
with ultra-high sensitivity of a PET scannerwith extended axial length, the image performance can be further
improved by improving the image resolution via VP-PET technology. The image qualities can be further
enhanced by optimizing the design and arrangements of the insert detectors. This work provides a potential
solution to further enhance the image resolution of a long axial FOVPET scanner tomaximize its lesion
detectability afforded by its super high effective sensitivity.

Images reconstructed using the current listmodeGPU-based framework are semi-quantitative without
appropriate correction techniques, e.g. normalization, scatter correction aswell as random correction, which
will be implemented in the future.
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Table 2. TPF0.05 of ROC curves infigure 5.

Period 30 s 60 s 120 s 180 s

Center slice of native scanner 0.59 0.77 0.89 0.95

Center slice of configuration 1 0.70 0.84 0.94 0.98

Center of the edge quarter of

native scanner

0.35 0.50 0.75 0.91

Center of the edge quarter of

configuration 2

0.66 0.73 0.87 0.97
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