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1. Introduction

PET scanner designs have changed markedly over the past three decades with resulting
dramatic improvements in image quality. Many of these advances in scanner technology
directly impacted the design of recently developed long (=70 cm) axial field-of-view
(AFQOV) PET scanners. In this chapter, we will discuss aspects of scanner design of long
AFOV systems and how these choices affect system performance.

1.1 3D acquisition

With a few exceptions®, most scanners built prior to the early 1990s had lead septa between
the detector rings that restricted the contributions of random coincidences and scattered
photons (within the object) but also resulted in low geometric sensitivity and long scan
times, since only true coincidence events emitted within a series of two-dimensional slices
could be detected. Removing the septa and operating as a fully three-dimensional (3D)
system led to a 3-5x increase in the probability of detection of true coincidences (sensitivity)
by detecting the oblique lines of response (LORs)2. However, with this sensitivity gain came
a significant increase in detected random and scattered coincidences that required careful
attention to their correction. All current-generation PET scanners operate in 3D with
accurate corrections.
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1.2 Time-of-flight (TOF) information

The measurement of the difference in arrival times (time-of-flight, TOF) of the two
annihilation photons at the detectors and the incorporation of this information into the
reconstruction as a means to reduce image noise was first proposed in the early 1980s2.
Incorporating TOF information into the reconstruction improves the signal-to-noise
properties of the image by restricting the back-projection of each event to the location of
most probable annihilation based on the TOF difference, rather than assuming uniform
probability along the LOR*>. TOF information effectively enhances the sensitivity of the
scanner by improving the signal-to-noise ratio of lesions. The scintillator crystals used at
that time in PET scanners (bismuth germanate, BGO, and sodium iodide, Nal(Tl)) did not
have adequate timing resolution to be useful in these early TOF systems. Instead, available
fast scintillators such as BaF, and CsF were used®-8. However, these scintillators have
reduced stopping power and light output, so the early TOF-PET systems had overall lower
sensitivity and worse spatial and energy resolutions than nonTOF scanners at the time.

1.3 Scintillators and photomultipliers

The introduction of cerium-doped lutetium-based scintillators, such as lutetium
oxyorthosilicate (LSO)? or lutetium-yttrium oxyorthosilicate (LYSO), allowed for better
TOF resolution due to their faster decay constant (40 ns, compared to 300 ns for BGO), in
addition to a high stopping efficiency that is close to that of BGO. The lutetium-based
scintillators cost more to produce than BGO, but starting in the mid-2000s, fully-3D TOF-
PET scanners based on LSO and LY SO were commercialized with TOF resolutions of 450—
600 ps1911, These systems used arrays of small crystals coupled to large (25-39 mm
diameter) photomultipliers (PMTs) that convert the scintillation light into an electrical
signal. More recently, TOF resolutions of 215-250 ps have been achieved when small
crystals are coupled to another advancement in PET technology, silicon photomultipliers
(SiPMs)12-14 siPMs are more compact than PMTs and some designs use one-to-one
coupling of crystals to SiPMs, thereby simplifying the calculation of event positions and
reducing light losses that result from light sharing across photodetectors®. The vast majority
of new commercial PET scanners for human use today use Lu-based scintillators read out by
SiPM photodetectors although many PMT-based systems are still in clinical use.

1.4 State-of-the-art of PET systems for whole-body imaging

Most commercial PET systems are whole-body devices, with a ring diameter of 75-90 cm
and an intended application of static [18F]-fluorodeoxyglucose (FDG) imaging in oncology.
The AFOV ranges from 16-30 cm, and patients are usually scanned in ~8-10 overlapping
bed positions to cover the organs of interest (head-to-thighs for most oncology patients) in
10-20 min with a dose of 370-555 MBq of FDG. For dynamic imaging to capture the
temporal behavior of radiotracer delivery, uptake, and clearance, patients are typically
imaged in a single bed position over the heart for the first few min to capture the blood input
function and then either moved to image a single bed position with good temporal sampling
or cycled through the scanner to capture more distant lesions with coarse temporal
sampling16:17.
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Table 1 summarizes the current-generation commercial SiPM-based PET scanners. The
spatial resolution of these systems ranges between 3—4.5 mm full-width at half-maximum
(FWHM). As noted in the table, the sensitivities range from 5 kcps/MBq for the 16-cm
AFQV Philips Vereos to almost 21 kcps/MBq for the 25-cm AFOV GE Discovery MI.

While the image quality of a standard AFOV PET scanner is generally excellent, there are a
number of imaging scenarios where a longer AFOV would be advantageous?2:23. A standard
AFOV scanner only detects 0.5-2% of the emitted coincident events from a 70-cm long line
source (as in the standardized NEMA sensitivity measurement?l) due to its short axial
coverage. This relatively low sensitivity makes it difficult to image radioisotopes with a low
positron fraction (e.g., 83Zr, 90Y) or radiotracers with slower biological clearance (e.g.,
FDG, where delayed imaging beyond the current 1 hour post-injection would enable
imaging lesions with higher contrast). In addition, the 1-3 min/bed position still results in
relatively long total scan durations, with the possibility of patient motion and discomfort;
imaging with higher sensitivity enables the total scan time to be reduced significantly. It also
opens up the possibility of improved imaging in obese patients as well as imaging with
reduced injected activity in situations where radiation dose may be considered limiting (e.g.,
pediatric patients, serial studies to assess treatment response).

2. History of long AFOV scanners

2.1 Technigues to increase sensitivity

One method to increase the sensitivity is to increase the solid angle of detection of the
annihilation photons by reducing the diameter of the detector rings; moving the detectors
closer to the object allows for more coincidences to be detected?4. This is one rationale for
designing PET scanners that are dedicated to specific organ imaging (e.g., brain PET or
breast PET systems). However, this happens at the expense of increased detection of
unwanted random and scattered coincidences, as well as worse spatial resolution due to
parallax errors off-center. For whole-body imaging, there is a limit on how much the ring
diameter can be reduced, as well: in the case of the thorax and abdomen there is little ability
to reduce the bore diameter without making it impossible to scan more obese patients.

Another technique to increase sensitivity is to use longer crystals. The mean stopping
distance for 511-keV photons in LSO/LYSO is ~11 mm, while the length of crystals used in
most systems is 18—-20 mm. There are diminishing returns in the gain in efficiency as the
crystal length is increased?®, while the detector material cost still increases linearly. Only
incremental gains in sensitivity can be achieved by lengthening the crystals beyond the ~20
mm typically used in today’s scanners. Note that the converse is not the case: using shorter
crystals to decrease the cost of a system leads to a measurable loss of sensitivity2®.

Using a different crystal with a higher stopping power than LSO/LY SO is another way to
increase the sensitivity of a scanner. However, 20 mm of bismuth germanate (BGO), one of
the most dense scintillators discovered, has only ~1.07 times the coincidence detection
efficiency as the same thickness of LSO/LYSO. Once more, these gains are fairly
incremental. In addition, with every crystal there are potential trade-offs in energy and
timing resolutions, ease of growing, cost, crystal handling, etc.
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Improving the timing resolution of a scintillator will also lead to increased effective
sensitivity and reduced image noise for the same number of detected events because TOF
reconstruction can localize the events along the LOR rather than spreading them out
uniformly. This has been the rationale for PET scanner manufacturers to continue to improve
the TOF resolution of their systems from 600 ps for the Philips Gemini TF, the first
commercial TOF PET scanner, to 215 ps for the latest Siemens Vision. It is possible further
significant gains can be made in this area; however, new detector technology and/or
alternative signal generation mechanisms (e.g., prompt luminescence from Cerenkov
radiation) are likely required2.

The most obvious and effective means of significantly increasing the sensitivity of a PET
scanner, however, is to make it longer by adding more detectors along the axial direction. By
accepting events along more oblique LORs (larger axial acceptance angle) and covering
more of the body with detectors, very significant increases in detection sensitivity are
possible2”. This is the driving force behind the recent development of long AFOV PET
scanners.

2.2 Early long AFOV designs

There have been a number of proposed designs for long AFOV scanners to increase the
system sensitivity. In the early 2000s, a number of scanners with extended AFOV were
proposed using different detector technologies. Hamamatsu developed a 68.5-cm AFOV
system based on BGO detectors?8 with coarse septa between block detector rings to reduce
detected scatter, since the energy resolution of BGO is poor (36%) although these septa also
reduced the sensitivity advantage of the longer AFOV. Conti, et al., developed a research
PET system with a 53-cm AFOV based on five large panel LSO detectors on a rotating
gantry2®, This system had large deadtime losses that led to noisy images and lacked TOF
capability. Zhang and Wong proposed a 1-m long scanner composed of BGO crystals in a
quadrant-sharing arrangement30, Since BGO has a long decay time, it was proposed as a
nonTOF system although the estimated sensitivity was higher than that of a standard AFOV
TOF PET scanner. Crespo proposed a 2.4-m long system with resistive plate chamber (RPC)
detectors as an inexpensive alternative to scintillators31. These detectors have a TOF
resolution of 300 ps and excellent spatial discrimination but low stopping power and poor
energy resolution that reduce the intrinsic sensitivity of the detectors. In the end, however,
each of these designs involved compromises in performance, required the long axial
coverage to make up for performance losses, or were not cost-effective, and they did not
become clinical systems.

2.3 Simulation studies

The interest in long AFOV systems, though, sparked a number of simulation studies to
examine the impact on performance of possible design choices. Eriksson, et al., looked at the
impact of both faster scintillators and large AFOV (up to 2.2 m) on system performance and
found advantages for sub-minute whole-body scan times and dynamic imaging32. Poon, et
al., also considered the optimal scanner geometry (AFQV, crystal thickness) for a range of
crystal volumes with a coincidence timing window that was allowed to vary with ring
difference?’. Surti, et al., used simulations to study the optimal use of a given amount of
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crystal material and found the best lesion detectability was for scanners with long AFOV
and short crystals?>. Later work considering optimal detector designs for a 72-cm long
scanner for both lesion detection and quantification showed that improving the TOF
resolution led to significant gains in performance, while using smaller crystals or depth-of-
interaction (DOI) information to reduce parallax errors provided only small gains in
detectability33. Schmall, et al., demonstrated that even for a 2-m long scanner, the axial
resolution degradation was small compared with radial parallax errors and could be
mitigated with two-layer DOI information34, although DOI adds complexity to the detector
design.

3. Detector technology considerations for long AFOV scanners

This section focuses on choices and trade-offs in selecting detector technology for long
AFOV scanners, where care must be taken to ensure the performance is sufficient to allow
the predicted benefits of these systems to be realized in clinical studies, while accounting for
the challenges in developing such large, complex systems that relate to cost, reliability, and
the need to handle very high total event rates.

3.1 Crystal technology

As with conventional PET scanners, lutetium-based scintillators such as LSO or LYSO are
currently the material of choice for most long AFOV scanners. These are currently the only
materials that can deliver sufficient stopping power and are also bright and fast enough to
provide timing resolution of a few hundred picoseconds, energy resolutions of around 10—
14%, and relatively low deadtime. The disadvantage, which is not an insignificant one, is
that these materials are quite expensive, and with the large quantities required for long
AFOQV scanners (0.5 ton or even more), these systems will be expensive. Therefore,
alternatives are being studied. One interesting possibility is the use of BGO, which emits
both scintillation light and, as only recently exploited, prompt Cerenkov radiation emitted by
the energetic electrons produced upon absorption of the annihilation photon. The Cerenkov
photons can be used to achieve much better timing resolution than was thought possible with
this material3%36. While attractive due to its cost (~1/3 that of LSO or LYSO), a significant
challenge remains how to reliably detect and trigger on the very faint Cerenkov signals with
cost-effective electronics.

3.2 Photodetector technology and detector designs

SiPMs have become the photodetector of choice for modern PET scanners, and their
detection sensitivity for scintillation light, reliability, low power consumption, low applied
voltage, compact form factor, and relatively low cost are all advantages that are further
amplified in the setting of long AFOV PET scanners that use very large numbers of these
devices.

There are a couple of choices in how SiPMs are used in conjunction with scintillation
crystals. The first is known as 1:1 coupling, in which each scintillator crystal element has its
own SiPM readout (Figure 1A). This leads to the best performance in terms of light
collection, which in turn leads to good timing and energy resolution. Also, the crystal of
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interaction is simply identified by knowing which SiPM produced the signal. The one
downside of this approach is that a PET scanner needs a large number of SiPMs, each with
its own channel of readout electronics. Conventional scanners have on the order of 50,000
crystal elements. This challenge is exacerbated in long AFOV scanners where the number of
crystal elements and therefore SiPMs required can exceed 500,000.

An alternative is a light sharing approach in which an array of scintillation crystals is read
out by a smaller number of SiPMs (Figure 1B). Light produced in each scintillation crystal
is allowed to spread across multiple SiPMs (typically by use of a light guide) and the relative
signals in neighboring SiPMS are then used to compute the center of the light distribution
and thus determine the crystal of interaction. However, by spreading the light among
multiple SiPMs, with small gaps between them, the light collection is not as good, and the
signals in each SiPM are smaller, compared to 1:1 coupling. Also, the effective area of the
detector that is “busy” while processing an event is larger with this approach, potentially
leading to increased overlap of events and deadtime at high counting rates. This leads to
some degradation in performance, with the benefit, however, of a much-reduced number of
SiPMs and channels of electronics. Both these approaches have been successfully
implemented in long AFOV PET scanners as described later.

3.3 Alternate detector technologies

There are a range of alternate detector technologies being pursued for long AFOV PET
scanners, often aimed primarily at reducing cost rather than improving performance relative
to existing LY SO/SiPM-based systems. As already mentioned, BGO is being explored as an
alternative scintillator material given its lower cost and higher density that allows one to use
somewhat less material compared to LSO or LY SO for the same detection efficiency. The
challenge is to get sufficient timing performance and count rate capability to be competitive
with traditional LY SO-based designs. Another approach proposes the use of a “monolithic”
block of scintillator material, read out by an array of SiPMs, rather than an array of
individual scintillator elements3” (Figure 1C). This geometry favors collection of the
scintillation light and can therefore lead to very good energy and timing resolution.
However, positioning of each event is more complicated, especially towards the edges of the
block where the light distribution is constrained by the edge of the crystal. Recent results
from the University of Ghent with a 16-mm thick monolithic detector have demonstrated
that excellent performance can be achieved with these detectors when appropriate care is
taken3s,

4. General scanner design considerations

4.1 Choice of axial FOV

One of the biggest debates as long AFOV PET scanners are being developed is regarding the
optimal length of the scanner. There is no “right’ answer, since the question must be framed
with respect to the intended application, and currently no comprehensive studies exist that
evaluate the cost to benefit ratio for a given clinical task as a function of axial scanner
length. Therefore, this debate will likely continue unabated for some time to come.

PET Clin. Author manuscript; available in PMC 2022 January 01.
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Some of the considerations can be clearly stated. A significant majority of clinical PET
studies are for oncology and involve imaging from “eye to thighs” in order to see distant
metastases. Based on anthropometry studies39:40, this distance averages about 83 cm across
the adult population. In the particular case of melanoma, often the entire body from head-to-
toe needs to be scanned. The average height (women and men) for the US population is
around 170 cm, with the 95! percentile being at 189 cm for men.

For research studies, and possible future clinical applications of PET, which may involve
imaging other systemic diseases (e.g., infection) or multi-organ/tissue effects (e.qg.,
inflammation), it likely will be important to image at least all the major organs from brain to
pelvis (95t percentile length is ~97 cm), and in some cases (e.g., rheumatoid arthritis) one
again may need to image the entire body to characterize disease in all the joints. Based on
these considerations, the minimum AFQV for single bed position imaging is around 85-90
cm for “eyes-to-thighs’ coverage across the majority of the population, around 1 m for
coverage of all the vital organs, and close to 2 m for coverage of the entire human body.

Next one has to factor in the sensitivity profile of the PET scanner, which to first order is
roughly triangular in shape without attenuation, as shown in Figure 2. However, one also
must account for the fact that the most oblique lines of response traverse a very large amount
of tissue and due to attenuation and scatter contribute little useful information; with
attenuation the sensitivity profile becomes flatter33:34. Therefore, a cut in the axial
acceptance angle on the order of about 50-60° is often applied to remove events at these
steep angles that contribute little useful information. If one wants to take advantage of high
and relatively uniform sensitivity across a given region, one therefore sees that the scanner
actually needs to be somewhat longer than the desired body coverage; otherwise tissues near
the ends of the field of view will be imaged with low detection sensitivity.

The anthropometry data and the scanner sensitivity profiles, therefore, suggest that to
achieve high sensitivity coverage of all the major organs of the body (brain to prostate/
uterus), the scanner would need to have a length of at least ~140 cm to image this field in a
single bed position (Figure 2). Of course, one may choose a shorter length and multi-bed
position imaging for cost considerations; however, then the ability to acquire high quality
dynamic data across all the major organs is sacrificed. There remains a range of opinions on
the “optimal” AFOV that largely depend on how one balances the value of the increased
sensitivity and body coverage as the scanner gets longer with the trade-off of increasing cost.

One proposed technique to increase the AFOV while controlling costs is to design the
scanner with incomplete detector coverage (i.e., gaps between detectors in various
configurations). A long AFOV TOF-PET scanner with this design would take advantage of
the ability of TOF reconstruction to handle missing information better than non-TOF
reconstruction142, A number of groups have studied various designs involving incomplete
detector coverage38:43-49, although few such systems have been built. The tradeoff is a
significant loss of sensitivity (often by a factor >2) with axial variations in sensitivity that
translate to small differences in noise across the AFOV. The development of these systems
has largely been through simulations or extrapolations from standard AFOV systems,
although we can expect further developments in this area in the future. As described in Sec.
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5.2, although not built with missing detectors, the PennPET Explorer scanner currently
operates with 7.6-cm such gaps between rings, thereby demonstrating the feasibility of these
designs for total-body PET imaging.

4.2 Multimodal long AFOV scanners

Long axial FOV scanners are no different in needing additional information for attenuation
and scatter correction that typically will come from an integrated CT scanner. Large AFOV
coverage will benefit from development of low-dose helical CT acquisitions® utilizing
advanced low-noise x-ray detectors, automatic tube current modulation, optimized beam
filtering, and iterative reconstruction, as well as denoising methods using deep learning®Z.
This will be important for low-activity PET applications, where the CT component then
becomes the dominant source of radiation dose to the subject.

Another option is to integrate large AFOV PET scanners with MRI systems. While
scientifically appealing due to the rich variety of image contrast that could then be assessed
by MR, as well as the elimination of the radiation dose from CT, current state-of-the-art
MR systems do not have sufficient axial coverage for single bed position imaging of all the
major organs. Developing MRI systems with a homogeneous magnetic field and the
necessary gradients over a meter or more would likely be quite challenging and expensive.
Nonetheless, it is an area that should be further studied.

4.3 Technical design considerations

There are several technical and engineering considerations in large AFOV scanners. First,
the number of components is 5-10-fold higher than in a conventional PET scanner, and
therefore components need to be extremely robust and reliable in order to maintain scanner
operations in a busy clinical environment. In addition to careful sourcing and selection of
components, tight power regulation and temperature control also are important factors in
ensuring scanner stability. Early experience with the two long AFOV scanner designs
currently in use have demonstrated good reliability of the many detectors and components.

The patient bed also must be carefully designed, especially if a CT scanner is present as part
of the system, where deflection of the bed as it moves into the PET field of view, under
varying loads, must be avoided or known in order to ensure that the CT and PET are
properly spatially registered.

One major difference from conventional PET scanners is the greatly increased length of the
“tunnel” into which the patient is placed. Careful design of the tunnel (for example lighting,
air flow, etc.) is desirable to reduce the chance of claustrophobia. Cameras and microphones
are helpful for communication with the patient, and for research studies that may involve on-
bed injection and/or blood sampling, access to injection and sampling sites, as well as the
length and deadspace in long tubing, require thought and appropriate methods and protocols.

One design simplification in long AFOV scanners is the fact that end shields to reduce
scatter from outside the scanner are not necessary if the entire body, or most of the body, is
within the field of view of the scanner. However, shielding between the CT component and
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the PET system may still be necessary to avoid the high x-ray flux from CT causing any
long-lived luminescence in the PET detectors.

Lastly, the wide range of path lengths through the body dictate the need for variable timing
windows. If one assumes a body diameter of 40 cm, the path length that photon pairs travel
through the body can range from roughly 40 cm to 70 cm at an axial angle of 60°, requiring
that the coincidence timing window is varied according to the path length for best rejection
of random coincidences (Figure 3).

5. Design specifics of long AFOV scanners

There are currently two operational long AFOV PET scanners: the uEXPLORER co-
developed by the University of California, Davis (UC Davis) and United Imaging Healthcare
and the PennPET Explorer designed and built at the University of Pennsylvania (UPenn).
Both of these efforts were supported through the EXPLORER consortium, which was set up
in 2011 to develop long AFOV PET scanners and funded by the National Institutes of Health
in 2015. In designing both of these systems, the goal was to maintain the performance of
standard AFOV clinical PET scanners (e.g., spatial, timing, and energy resolutions) while
extending the AFQV in order to explore the potential benefits and applications of these long
systems. The optimal AFOV and scanner design is as yet undetermined. Having two systems
of different designs allows us to probe the impact of design characteristics on clinical
performance. Table 2 summarizes the performance characteristics of the two systems.

5.1 uEXPLORER

The uEXPLORER PET/CT scanner (Figure 4) was designed to be the first PET scanner
capable of imaging the entire human body at once with an emphasis on extremely high
detection sensitivity and spatial resolution®2. Each detector module consists of a 6 x 7 array
of 2.76 x 2.76 x 18.1 mm LYSO crystals, read out by four 6-mm square SiPMs. These
modules are assembled into rectangular panels, which are then arranged in rings to form a
scanner with a ring diameter of 78.6 cm and an axial extent of 194 cm. There are a total of
13,440 modules (564,480 crystals) in the entire system. The axial acceptance angle is
restricted to 57° and the timing windows are variable from 4.5 to 6.9 ns depending on the
path length across the scanner. The standard energy window is 430-645 keV. An 80detector
row, 160-slice CT scanner is integrated on the front of the system.

The sensitivity for a 170-cm long line source (which corresponds to the average length of the
human body) is 147 kcps/MBq at a radius of 0 cm. For comparison, the sensitivity for a 170-
cm long line source on a conventional length scanner would be 2.4-8.6 kcps/MBq, a factor
of 17-60 lower than the UEXPLORER. The spatial resolution, measured using the
standardized NEMA test?! with simple filtered backprojection reconstruction, is ~ 3 mm,
and can be improved using more sophisticated iterative reconstruction methods which are
routinely used for clinical scans. The time of flight resolution, again using NEMA methods,
is 509 ps. The system is 510(k) cleared and has been in use for clinical and research studies
since August, 201853,
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5.2 PennPET Explorer

The PennPET Explorer scanner (Figure 5) was designed as a scalable system with an
emphasis on high sensitivity with excellent TOF resolution®*. The PennPET Explorer is
based on the detector tile of 64 LYSO crystals currently used in the Philips Vereos PET/CT
scanner. Each 8 x 8 array of 3.86 x 3.86 x 19 mm3 crystals is coupled to a digital SiPM
developed by Philips Digital Photon Counting. There is 1:1 crystal-sensor coupling. The
entire gantry and electronics are water-cooled to allow for superior timing resolution. A
detector ring is 76.4 cm in diameter and 22.9 cm axially, comprising 18 modules of 28
detector tiles in a 4 x 7 array. The rings are designed to be stacked axially with a 1-cm
physical gap between rings. The prototype 3-ring configuration, for which performance
results have been described, was limited to reading out only 5 (of the total 7) rows of tiles in
each ring, for a total AFOV of 64 cm and 7.6-cm gaps (corresponding to the 2 inactive rows)
between each ring. The transverse FOV is set in software to 57.6 cm. The axial acceptance
angle is not currently restricted; the 3-ring prototype had a maximum acceptance angle of
+40°. The scanner is in the process of being extended to 6 rings for a final AFOV of 140 cm,
where the maximum acceptance angle will be £62°.

The sensitivity of the 3-ring prototype PennPET Explorer for a 170-cm long line source is
23 keps/MBgq at a radius of 0 cm; for a 5-ring configuration with an AFOV of 112 cm, the
sensitivity has increased to 35 kcps/MBgq, a factor of ~4—15 times higher than conventional
length scanners. The data readout gaps reduce the total sensitivity by a factor of 2 from what
would be achieved with all crystals active. The scatter fraction is 32% and is stable over
activity concentrations up to 38 kBg/mL, and the trues rate is linear over this range, as well.
When cooled to 5° C, the TOF resolution is 256 ps. The spatial resolution is 4.0 mm using
filtered backprojection reconstruction. The scanner has been in use for research studies since
August, 2018,

6. Measurement of performance of long AFOV systems

The goal of performance standards for PET is to characterize both intrinsic and overall
performance in a reproducible, straightforward way so that systems can be meaningfully
compared and performance can be validated against specifications (e.g., NEMA NU 2 PET
Standards?1). While measurements of intrinsic performance (i.e., spatial resolution,
sensitivity, count rate performance, scatter fraction) are done using activity distributions or
reconstruction algorithms that are not clinically relevant, nonetheless the results are
indicative of scanner behavior; for example, a system with low intrinsic sensitivity will have
higher image noise than one with high sensitivity, although the sensitivity value will not
predict the number of acquired events in a clinical scan. This means, however, that the
measurements should similarly indicate relative performance for both standard and long
AFQV systems, while providing relevant performance metrics that capture system-wide
performance.

The NEMA PET scanner performance standards were originally developed in the early
1990s when it was inconceivable that a scanner would ever be longer than 65 cm, and the
tests were only designed to accommodate these shorter systems®6:57. The spatial resolution
is measured with point sources at radial positions of 1 and 10 cm, axially positioned at the
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center of the AFOV and 3/8 of the AFOV from the center. The sensitivity is measured with a
70-cm long line source in a set of 5 aluminum sleeves to measure both total sensitivity and
the axial sensitivity profile along the system. Count rate performance and scatter fraction are
measured using the same 70-cm long line source but positioned off-center inside a 20-cm
diameter polyethylene cylinder. Finally, the image quality phantom is the 18-cm long
International Electrotechnical Commission (IEC) torso phantom positioned with the spheres
(diameters: 10 — 37 mm) at the center of the AFOV with the count rate performance
phantom abutted at one end to emulate activity from outside the AFOV of the scanner.

As the scanner AFOV increases, the question arises of how to measure and report the
performance of these systems. One could imagine simply extending the NEMA phantoms to
2 m long, for example, to cover the largest conceivable PET scanner to date. However, in
addition to being extremely cumbersome to fill and handle, it is not apparent that these
phantoms will provide performance information that is at all relevant to clinical imaging. A
typical human is not well-represented by a 20-cm cylinder that is 2 m long; most of the
organs of interest are contained within 100-120 cm, depending on the study, and the average
height of a human is around 170 cm. Measuring the sensitivity with a source longer than that
inflates the number of events that would be present in human imaging, and both UC Davis
and UPenn have chosen to measure and report sensitivity for a 170-cm long line source. On
the other hand, a 70-cm long line source does not reflect the activity distribution in human
imaging, either. As seen in Table 2, the sensitivity values for a 170-cm line source are not
easily compared to the current NEMA measure with a 70-cm line source. In addition, while
a uniform cylinder that extends through the full AFOV is helpful to demonstrate that all
corrections work properly throughout the entire scanner, it is cumbersome to handle and
difficult to fill uniformly. As seen in Figure 5b, a 10-cm diameter cylinder was used for this
purpose on the PennPET Explorer, since it is lighter and more practical than the traditional
20-cm cylinder, although a special apparatus is needed to ensure uniform mixing.

There are also unique performance characteristics of long AFOV systems that warrant
measurement. These include axial blurring resulting from the very large axial acceptance
angle that can lead to variation in the axial spatial resolution across the AFQV (although
simulations34 and early results®2:54 indicate that the degradation is far smaller than that due
to radial parallax errors); increase in multiple scatter events and the impact on the accuracy
of the scatter correction especially at the center of the AFQOV; increase in random
coincidences and multiple coincidences (>2 photons arriving within the coincidence timing
window) and their impact on the maximum activity that should be injected; and sensitivity
measured in both air and an attenuating medium because oblique LORs that contribute to the
overall increase in total sensitivity when measured in air are more likely to be attenuated by
the patient due to their longer pathlengths through the body. In measuring the performance
of their long AFQV systems, both UPenn and UC Davis modified and enhanced the NEMA
standard measurements to address some of these issues, but further work is needed to reach a
consensus on performance measurements that characterize all PET scanners reproducibly
and meaningfully.
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7. Data and computational challenges with long AFOV systems

One major consideration related to the use and associated computational infrastructure for
long AFQV PET systems derives from the large amounts of data these systems produce, and
the necessity for robust and reliable procedures for reconstructing, storing, and analyzing
this data.

7.1 Eventrates and data storage

The number of lines of response measured by the uUEXPLORER scanner, already accounting
for the restricted axial acceptance angle, is 92 billion. As the number of possible LORs
greatly exceeds the number of events that will be acquired, it is therefore most efficient to
store the raw data in list mode format rather than binning into projections or sinograms.
There also is a trade-off between how much information is retained for each event (for
example is the energy information retained after the energy window has been satisfied) and
the size of the list mode dataset.

For a typical clinical scenario (370-MBq injected dose of FDG, 60 min uptake time), the
UEXPLORER registers on the order of 10 million prompt coincidence events per second. A
ten min scan will produce roughly 12 billion prompt events and produce a list mode file on
the order of 200 GB in size. For a 60-min dynamic acquisition starting from the time of
injection, the dataset size can easily exceed 1 TB. On the 5-ring PennPET Explorer, where
singles data are acquired and processed concurrently in software to form coincidences, an
FDG scan with similar injected dose produces about 190 GB of singles events for a final
coincidence list file that is 70 Gb. It is not certain that the singles list data will be routinely
archived, although access to singles information may prove advantageous for data
corrections (e.g., scatter and randoms). Nevertheless, methods to efficiently move, and
potentially archive, these large datasets must be considered.

7.2 Image reconstruction

All modern PET scanners use sophisticated iterative reconstruction methods based on
ordered subsets expectation maximization (OSEM) algorithms®8 that permit detailed
modeling of the scanner geometry and the statistical nature of the underlying data. However,
there is always a trade-off between the complexity of the modeling and reconstruction time,
and nowhere is this more challenging than for long AFOV scanners, which produce high
quality data that would benefit from the most sophisticated modeling approaches, yet at the
same time produce large datasets that will be reconstructed into large image volumes,
producing severe challenges in terms of computation and memory requirements. For routine
clinical purposes, one requires a reconstruction time on the order of a few minutes per scan,
and this may require the use of simplifying assumptions within the reconstruction algorithm
that may not fully optimize spatial resolution or contrast-tonoise ratio. For research studies,
longer reconstruction times may be acceptable; however, these studies may also involve
dynamic imaging and produce larger datasets, and reconstruction times (including the need
to compute scatter correction files for each frame of a dynamic dataset) can easily run into
many hours on a high-end computer cluster.
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7.3 Image storage and analysis

Scans from long AFOV PET scanners are often reconstructed into somewhat smaller voxel
sizes than on regular scanners, because the higher signal-to-noise ratio supports high
resolution reconstructions. For example, on the uUEXPLORER scanner, a typical image
matrix size for clinical scans is 256 x 256 x 828 (2.34 mm isotropic voxels); PennPET
Explorer images are 288 x 288 x 560 (2 mm isotropic voxels). While this is not particularly
onerous, the image dataset sizes rapidly expand for dynamic studies, exacerbated for long
AFOV scanners that can not only support higher spatial resolution, but also higher temporal
resolution (more frames). For example, a 66-frame dynamic scan on the UEXPLORER
results in an image dataset size of about 7.2 GB that can pose challenges for much of the
software developed for analyzing dynamic PET data due to memory limitations.

8. Further improvements in PET systems with a focus on long AFOV

designs

While these first long AFOV systems have verified the large sensitivity gains that were
predicted and are now being deployed in a range of clinical and research applications to
provide data on the benefits of this sensitivity gains, future improvements are clearly
possible. The performance capabilities of the UEXPLORER and PennPET Explorer
scanners, both based on existing technology, together with a better understanding of the
benefits of long AFQV systems for clinical studies and research investigations will help to
form the basis for next generation systems.

Now that the geometric coverage is close to a maximum; further significant gains in
effective sensitivity through instrumentation are only going to come from major
improvements in timing resolution. Future approaches or technologies that could push the
system timing resolution well below 100 ps would be worthy of pursuit, noting that a timing
resolution as good as 20 ps would localize the site of annihilation with sufficient accuracy to
eliminate the need for any image reconstruction26.

Modest performance improvements would also come from depth-encoding detectors38 that
could reduce or eliminate parallax errors and ensure the spatial resolution is uniform across
the field of view, as well as new detector materials with better stopping power, especially
higher photoelectric cross-sections, which would somewhat improve detector efficiency and
spatial resolution.

Electronics, photodetectors, and signal processing are other areas where improvements are
possible. For example, the tasks of estimating event position, timing, and energy from
detector pulses may be amenable to deep-learning networks, and fast photodetectors
possibly with integrated on-chip circuits for optimized timing performance will play an
important role in achieving better time-of-flight information. Advanced image
reconstruction algorithms that accurately model the physics and statistics of the event
formation process, and/or the use of deep-learning approaches during or post-image
reconstruction®?, promise further improvements in performance for a given hardware
configuration.
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Lastly, and justifiably, there will continue to be a focus on detector technologies that can
achieve a large AFQV but at a significantly reduced cost. In truth, many of these approaches
involve significant sacrifices in sensitivity or other performance parameters, but they may
still lead to systems that are adequate for specific and important clinical tasks or research
investigations. Approaches being investigated include different detector materials such as
plastic scintillators® or resistive plate chambers3. As discussed earlier, sparse detector
configurations are also being pursued, where holes or gaps are introduced to reduce
cost#6:47:49 while still providing sufficient data sampling to reconstruct images of the body.
One challenge with this approach is that while the cost is roughly linear with detector area,
the coincidence efficiency goes as approximately the square of the detector area. Thus, a
scanner in which 1/4 of the detectors are removed reduces the cost by about 25%, but the
coincidence sensitivity will be roughly (0.75)2=0.56 of its original value, meaning that
~44% of the signal will have been lost. This trade-off between cost and sensitivity rapidly
becomes unattractive as more detector material is removed.

9. Conclusions

Long AFOV PET scanners have recently been built that take advantage of the latest
innovations in PET technology. These systems provide extended axial coverage (=70 cm)
that allows coverage of most major organs up to the total body (depending on AFOV) in a
single bed position with ultra-high sensitivity without compromising performance in other
areas. The uEXPLORER developed by UC Davis and United Imaging Healthcare and the
PennPET Explorer developed at UPenn have demonstrated the performance possible with
long AFQV systems while also highlighting the challenges associated with these systems,
including design and cost considerations as well as the need for a robust computational
infrastructure. As we gain clinical and research experience with long AFOV scanners, it is
envisioned that long AFOV scanner technology will develop along different paths.
Improvements in scanner performance (e.g., TOF, energy, and spatial resolutions) will be
driven by advances in detection and signal processing technology while systems will also be
developed that are more cost-effective using lower cost detectors or sparse detector coverage
to allow for more widespread availability. Long AFOV scanner development is still in its
infancy, and its future will depend largely on the observed benefits and unique applications
of this very exciting technology.
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Synopsis

This paper describes aspects of PET scanner design for long axial field-of-view systems
and how these choices impact scanner performance.
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Key Points

Long axial field-of-view PET scanners offer the simultaneous advantage of
greatly increased body coverage in a single bed position and much higher
detection sensitivity.

Long axial field-of-view PET scanners have been developed and demonstrate
the performance possible with longer scanners while also highlighting the
challenges associated with these systems.

For clinical applications, the increased detection efficiency allows some
combination of increased signal-to-noise ratio in the images, shorter
acquisition times, or lower injected activity.

For research applications, the dynamics of radiotracers across multiple organ
systems or even the entire body is now possible.
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Figure 1.
Schematic cross-section through different types of PET detectors. a) Pixelated with 1:1

coupling; b) pixelated with light sharing using partial reflector coverage along length of
crystals; ¢) monolithic detector. The red lines indicate sample scintillation light trajectories
for a 511-keV photon interaction demonstrating the light distribution on the SiPMs reading
out the scintillator.
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sensitivity

Figure 2.
Schematic showing geometric sensitivity to a point source as a function of axial location for

a 2-m long scanner (dashed line) and after the axial acceptance angle is restricted to 57°
(solid line). Profile is superimposed on the image of an average height human subject,
demonstrating how a ~2-m length ensures very high and uniform sensitivity across all the
major organs from brain to pelvis.
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a) Illustration of the time needed to capture all valid coincidences arising along a LOR as a
function of axial acceptance angle, 6, and object diameter, D. b) Plot of the coincidence
window as a function of angle for different sized objects. It is observed that for very steep
angles, the coincidence timing window needed to measure all true coincidences along those
LORs increases dramatically; however, these very oblique LORs are also highly attenuated,
so few valid coincidences at these angles are actually detected.
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Figure 4.
Photographs of the uEXPLORER total-body PET/CT scanner during construction and after

installation at UC Davis.
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Figure 5.
a) Photograph of PennPET Explorer with 5 detector rings before cosmetic covers have been

installed and cabling arrangement completed. An in-line Philips CT (with covers) is to the
right of the PET system. The detector rings are mounted on rails and can be moved for
maintenance; there is room for the 6t ring at the left end of the imager. b) Photograph of the
back of the PennPET Explorer with a 10-cm diameter pipe phantom in place. The
electronics for the 18 detector modules are seen behind the Plexiglas coverings.
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Table 1.

Performance characteristics * of selected commercial SiPM-based TOF-PET scanners

Page 25

Philips Vereos!?

Siemens Vision!3 GE Discovery United Imaging uMI

Canon Cartesian

M|18.14 55019 Prime%

Crystal & size (mm?3) LYSO LSO 3.2x3.2x20 LYSO 3.95x5.3x25 LYSO 2.76x2.76x16.3 Lu-based
3.86x3.86x19 4.2x4.2x20

Axial FOV (cm) 16.4 26.1 20/25 24 27
Sensitivity (70-cm 5.7 16.4 13.7/20.8 10.2 135
line) (kcps/MBqQ)
TOF resolution 332 ps 210 ps 382 ps 372 ps 257 ps
Spatial resolution 4.0 mm 3.5mm 4.3 mm 2.9 mm 2.9 mm

(@r=1cm)

*
Performance specifications following NEMA standard21,
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Table 2.

Performance characteristics of long AFOV TOF-PET scanners

UEXPLORER®? PennPET Explorer5

Crystal & size (mmd) LYSO 2.76x2.76x18.1 ~ LYSO 3.86x3.86x19
Axial FOV (cm) 194 64/112%
Sensitivity (70-cm line) (kcps/MBQ) 174 54783
Sensitivity (170-cm line) (kcps/MBQ) 147 23/35

TOF resolution 509 ps 256 ps
Spatial resolution (@r=1 cm) 3mm 4 mm

*
Results are reported for the 3 /5 ring configurations.
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