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Total Body PET: Why, How, What for?

Suleman Surti

Abstract—PET instruments are now available with a long axial
field-of-view (LAFOV) to enable imaging the total-body, or at
least head and torso, simultaneously and without bed transla-
tion. This has two major benefits, a dramatic increase in system
sensitivity and the ability to measure Kinetics with wider axial
coverage so as to include multiple organs. This article presents
a review of the technology leading up to the introduction of
these new instruments, and explains the benefits of an LAFOV
PET-CT instrument. To date there are two platforms developed
for total-body PET (TB-PET), an outcome of the EXPLORER
Consortium of the University of California at Davis (UC Davis)
and the University of Pennsylvania (Penn). The uEXPLORER
at UC Davis has an AFOV of 194 cm and was developed by
United Imaging Healthcare. The PennPET EXPLORER was
developed at Penn and is based on the digital detector from
Philips Healthcare. This multiring system is scalable and has
been tested with 3 rings but is now being expanded to 6 rings
for 140 cm. Initial human studies with both EXPLORER systems
have demonstrated the successful implementation and benefits
of LAFOV scanners for both clinical and research applications.
Examples of such studies are described in this article.

Index Terms—Long axial-field-of-view (LAFOV), PennPET
EXPLORER, PET-CT, total-body PET (TB-PET), uEXPLORER.

I. INTRODUCTION

INCE the earliest positron tomographs were built in

the mid-1970’s there have been significant advancements
in the technology, such that the performance of today’s
commercial PET-CT instruments is outstanding. Whole-body
PET imaging has been in standard clinical practice for
several decades, and total-body (TB) biodistribution stud-
ies are routinely performed to evaluate new radio-tracers.
But it is important to understand that the design of these
systems is targeted toward the primary clinical applica-
tions and characteristics of the radiotracer used for these
studies, and that whole-body surveys require bed transla-
tion. It is well known that '8F-Fluorodeoxyglucose (FDG),
a marker of glycolysis, is the most widely used PET tracer
for cancer diagnosis and staging [1]. There are, though, other
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fluorinated radio-tracers becoming more routinely available,
such as 18F—ﬂorbetapir, BE_florbetaben, and '3F-flutemetamol
to detect amyloid in suspected Alzheimer’s disease [2] and
I8F_fluciclovine (Axumin) to detect sites of disease in men
with biochemical recurrence of prostate cancer [3]. In addi-
tion, there are also radioisotopes that require generators and
are used in the clinic, such as, for example, 82Rb for a myocar-
dial perfusion stress test and %3Ga-DOTATATE for imaging
neuroendocrine tumors. Given the current status of clinical
PET one might ask whether the needs are adequately served
by the current capabilities of today’s commercial instruments,
which can achieve excellent diagnostic quality for an FDG
scan of 10-15 min (or less, depending on the patient size)
with a dose of 10-15 mCi (370-555 MBq). Do we need a long
axial field-of-view (LAFOV) PET scanner to improve clinical
imaging, reduce patient dose, or increase patient throughput—
or will the main role of such an instrument be to study the
biodistribution of new radio-tracers and enable research inves-
tigations that require a large axial coverage? The benefits of
an LAFOV PET scanner will be discussed in a later section,
but stem mainly from the increase in sensitivity and ability to
dynamically study multiorgan systems. Early human studies
on LAFOV instruments suggest the enormous potential of TB
PET and examples are given in a later section to highlight
areas of opportunity for both clinical and research applica-
tions. In this introduction, we first provide a brief overview
of the technology of clinical PET systems to give perspective
to the development of total-body PET (TB-PET) systems that
is now taking place, since many of the established concepts
for PET scanners with a standard (clinical) AFOV are relevant
for LAFOV PET scanners, as well. In the second part of this
article different parameters concerning the design of LAFOV
PET scanners (axial length, detector design components and
geometry, system design) are discussed. Finally, we end with
a description of some of the clinical and research studies that
are enabled with the LAFOV PET systems.

Early PET scanners were originally based on Nal(T1) scintil-
lators but transitioned in the early 1980’s to multiring systems
with bismuth germanate (BGO) crystals due to the higher stop-
ping efficiency of BGO for 511 keV photons [4]. A major
innovation was to couple a small group of photomultiplier
tubes (PMTs) in a light sharing “block” design [5]. This detec-
tor design produced good spatial resolution in combination
with the high sensitivity of BGO. However, poor energy res-
olution required the use of axial septa (or collimation in the
axial direction) to limit the acquisition of scattered (within
object) events which add bias to the reconstructed image unless
properly corrected. This mode of data acquisition in direct
slices (2-D mode) while reducing scatter events significantly
limited the overall sensitivity of the PET system. Hence,
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these systems traded off geometric system sensitivity for high
intrinsic detector efficiency.

Starting in mid-1970s there was a parallel effort in devel-
oping PET scanners operating in fully 3-D mode, i.e., without
any septa, to maximize overall sensitivity [6], [7]. The early
1990s saw the commercialization of Nal(TIl)-based whole-
body PET scanners that were targeted for FDG imaging and
were 25 cm long axially [8], [9]. These systems used large
continuous Nal(T1) crystals in an Anger-logic detector design
to provide not only good spatial resolution but also good
energy resolution that helps limit collection of scatter events.
Operating in fully 3D mode with longer AFOV, these systems
had much higher geometric sensitivity than 2-D BGO scan-
ners, however, the lower intrinsic sensitivity of Nal(TI) limited
the overall system sensitivity and versatility of these systems.

There was also a significant effort put in developing TOF
PET scanners that started in the late-1970s though early
1980s [10]. Due to the long decay times of BGO and Nal(Tl),
neither of these crystals provided adequate timing resolution
to be utilized in time-of-flight (TOF) PET systems. The fast
scintillators available at that time (BaF, and CsF) that were
used for TOF PET, however, had low sensitivity and also low
light output which led to poor spatial and energy resolution.
Hence, they operated in 2-D mode with septa further impacting
system sensitivity. While TOF-assisted reconstruction was use-
ful for improving image signal-to-noise properties [11], [12],
these systems had lower overall sensitivity, as well as worse
spatial resolution.

Development of new Lu-based scintillators [13] in the late
1990s and early 2000s led to LSO and LYSO crystals that
have a high stopping efficiency for 511 keV photons (close
to BGO), while also being fast enough to allow very good
coincidence timing resolution (CTR). The high light output
of these crystals not only helped achieve excellent CTR but
also enabled improved spatial resolution and ability to operate
in fully 3-D mode that maximizes system sensitivity. Hence,
starting in 2006 a new generation of fully 3-D TOF PET com-
mercial scanners with very high sensitivity, now all PET/CT,
were developed [14]. These systems, and those from other
vendors that quickly followed, utilized light sharing detec-
tor designs using small pixels of Lu-based crystals to achieve
high spatial resolution (4-5 mm) with 25 to 39-mm diame-
ter PMTs. The CTR of these scanners lies within the range
of 450-600 ps—very similar to the scanners developed in the
1980s, but with superior spatial resolution and sensitivity [15].
While Nal(Tl)-based scanners were phased out in the early
2000’s, BGO-based scanners continued to be marketed until
very recently since they were a very cost-effective means
to achieve high spatial resolution and high sensitivity. While
BGO systems could not offer TOF, they were shown in the
1990’s to be capable of 3-D imaging without septa [16], [17].

More recent progress in photosensor technology has led to
the development of digital PET/CT scanners from all major
PET manufacturers, utilizing silicon photo-multipliers (SiPMs)
instead of the traditional PMTs [18]-[20]. Compactness and
flexibility of SiPMs provides improved PET detector designs
with greatly reduced signal multiplexing (number of crys-
tal relative to photosensor channels) and improved light

collection. This, in turn, has led to some improvements in spa-
tial resolution and much larger gains in the system CTR. These
digital PET/CT systems all utilize 19-25 mm thick lutetium-
based scintillators that provide very high detection sensitivity
and operate in fully 3-D mode. Iterative image reconstruction,
combined with CT attenuation correction, model-based scatter
correction, and TOF leads to quantitative images with a high
signal-to-noise ratio. Currently, four commercial manufactur-
ers offer whole-body TOF PET scanners: Siemens with the
Biograph mCT (21.6 cm) and Biograph Vision (26.3 cm), GE
with the Discovery MI (20 cm and 25 cm), United Imaging
with the uMI 550 (24 cm) and uMI 780 (30 cm), and Canon
(formerly Toshiba) with the Celestion (19.6 cm) and Cartesion
Prime (25 cm). Geared toward oncologic FDG studies, these
digital PET/CT systems can perform whole-body surveys in
10-15 min with excellent image quality for both heavy and
light patients due to the improved sensitivity and CTR.

Despite the high detector sensitivity (63%—77% detection
probability for coincident 511 keV gammas) and fully 3-D
data acquisition, the absolute sensitivity of these new digital
systems is limited by the axial length (15-30 cm): 5%-11%
for a point source placed at the center of the scanner, or
0.6%—2% (or 6-20 kcps/MBq) as specified by the 70-cm long
NEMA line source measurement. Improved system sensitivity
would allow for further reductions in injected dose and scan
time, imaging of new radioisotopes with reduced flux, and
for dynamic imaging where short time frames are required
to capture the fast kinetics but the statistical uncertainties of
the data can lead to errors in biologic parameter estimation.
Further, the modest axial length of commercial PET scanners
limits our ability to observe temporal changes in the tracer
kinetics to a single organ, which has been shown to be impor-
tant in monitoring the progression of disease. In contrast,
an LAFOV PET system would allow simultaneous dynamic
imaging of multiple organs, thereby enabling the study of
disease affecting multiple organ systems.

II. DEVELOPMENT OF LAFOV TB-PET SYSTEMS

A. Thicker Crystals or Longer AFOV for Increased
Sensitivity?

PET system sensitivity can be increased by using thicker
crystals, increasing the axial length and/or reducing ring
diameter [21]. While ring diameter can be reduced, any sig-
nificant reduction can limit the patient population or increase
claustrophobia. Here, axial length and crystal thickness are the
two main factors considered in determining system sensitivity.
In Fig. 1, we show calculations for point source in air sensi-
tivity as a function of crystal thickness and varying scanner
axial length. As shown, there is a diminishing gain in sen-
sitivity as the crystal thickness is increased beyond 30 mm,
especially for scanner with shorter axial length. For exam-
ple, in a 25-cm long scanner, increasing the crystal thickness
from 20 mm to 50 mm (increase of 2.5 in crystal volume)
leads to a gain in sensitivity from 6.5% to 12.8%. Instead, if
the scanner axial length is increased to 62.5 cm while keep-
ing the crystal thickness at 20 mm (same increase of 2.5 in
crystal volume) the sensitivity increases to 14.4%. In fact,
a prior study has shown that for a fixed crystal volume one can
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Fig. 1. Contour plot of the percent sensitivity of a point source in air as
a function of crystal thickness and scanner axial length. The detector ring
diameter was fixed at 85 cm and LSO was used as the scintillator material.

generally achieve similar or higher system sensitivity and, in
turn, improved lesion detectability by increasing the scanner
axial length instead of crystal thickness [22]. Note that thicker
crystals have the drawback of increased parallax error leading
to a degradation in system spatial resolution, both transverse
and axial. In contrast, extending AFOV promises a bigger
advantage for improving PET system sensitivity as opposed
to using thicker crystals, even though the overall cost will be
higher since such a system will require not only more crystal
material but also more photo-sensors.

B. How Long Is Long Enough?

In Fig. 2, we show an illustration of the axial coverage
that scanners with an AFOV ranging from 70 to 200 cm will
provide for a child and for an average adult male. While TB-
PET is clearly achieved with the 200 cm scanner, here, we
will use the term TB-PET to refer to a scanner long enough
to capture the major organs of the body, approximately 70 cm
or longer, depending on the height of the subject.

To be more quantitative about the benefits of TB-PET as
a function of AFOV, we show in Fig. 3 the percentage of
simulated annihilation events reaching the detector surface
as a function of scanner AFOV for varying imaging setups:
(A) point source in air placed at the center of the scanner
that represents an idealized situation for a single organ imag-
ing without attenuation, (B) point source placed in 200 cm
long water-filled, cylindrical phantoms of varying diameters
that represents single organ imaging with realistic attenua-
tion, and (C) uniformly distributed source in 200 cm long
water-filled, cylindrical phantoms of varying diameters that
represents TB imaging with uniform activity together with
attenuation. A 20-cm diameter phantom emulates a patient
with low body-mass index (BMI), whereas a 40-cm diame-
ter phantom emulates a patient with high BMI. In Setup A,
the sensitivity keeps increasing as the scanner axial length
increases, but the rate of increase starts to slow beyond 100 cm.
In the more realistic Setup B for single organ imaging, the
gain in sensitivity is not significant for scanners longer than
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TABLE I
RELATIVE SENSITIVITY FOR SELECTED SCANNER AXIAL LENGTHS AS
CALCULATED FOR THREE DIFFERENT IMAGING SETUPS. THE PHANTOMS
ARE 200 cm LONG CYLINDERS

Scanner AFOV (cm) 20 70 100 | 140 | 200
Point source in air placed at the center
of AFOV (A) 1 2.8 33 3.7 4.0

Point source placed at the center of
AFOV in a 20 cm diam. phantom (B)
Uniform source distribution in a 20
cm diameter phantom (C)
Uniform source distribution in a 35
cm diameter phantom (C)

100 cm. Finally, for the TB imaging scenario (Setup C), we
do see a continued gain in sensitivity as the scanner length
increases all the way up to 200 cm. Table I summarizes the
expected relative gains in sensitivity for these imaging sce-
narios for a few representative scanner lengths. A factor of
> 40 gain in sensitivity can be expected when imaging patients
in a 200 cm long scanner as opposed to a 20 cm long scanner,
which potentially can be used to dramatically reduce the dose
or scan time. In contrast, the gain for point source (or single
organ) imaging with attenuation is more modest (< 3) even
for scanners with AFOV of > 100 cm, but should also lead
to an improvement in image quality and signal-to-noise.

C. Past Efforts on LAFOV Scanners

While not commercially produced there have been at least
two prototype scanners built in the recent past with > 50 cm
axial length. One of these systems used BGO crystals and had
an axial length of 68.5 cm [23]. However, the system operated
in 2-D mode with axial septa leading to reduced sensitivity
(~1% for NEMA measurement, or 2% for a point source).
The second system was a fully 3-D prototype developed at
Siemens (P39-5H) using LSO crystals and had an axial length
of 53 cm [24]. System sensitivity was 2% for NEMA measure-
ment, or 5.3% for a point source. As with the BGO scanner,
this LSO scanner also did not operate in TOF mode. Relatively
modest gains in image quality, absence of TOF capability, and
high cost prevented a transition of these systems into regular
clinical use. In recent years, there have been proposals for
even longer (100 cm) PET systems using BGO as the scintil-
lator and axial septa that are in-between a fully 3-D and 2-D
PET system [25]. While being non-TOF, using BGO together
with large conventional PMTs will lead to a cost-effective
design of a PET system with sensitivity higher than commer-
cial PET systems while also providing a long AFOV. Operating
in a 2-D mode, the sensitivity gain for single organ imaging
will not improve, but the longer AFOV will allow an increase
in effective sensitivity for whole-body imaging (imaging more
of the patient), as well as the ability to perform multiorgan
simultaneous dynamic imaging.

D. Current TB-PET Scanners

In 2015, the NIH-funded EXPLORER Consortium was
formed to develop a TB-PET scanner with an AFOV long
enough to image an adult patient head-to-toe in a single
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140 cm 200 cm

Fig. 2. Fig. 1: Illustration of axial coverage of a TB-PET scanner of 70 cm, 140 cm, and 200 cm length for an average 6-year child (115 cm (45”) tall) and
an average adult male (177 cm (70”) tall). Images are from the XCAT digital phantoms [26], [27].
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Fig. 3.

Percentage of annihilation events reaching the scanner plotted as a function of scanner AFOV. Three different imaging setups were simulated: Setup

A is a point source in air, Setup B is a point source in a 200 cm long water-filled cylinder, and Setup C is a uniformly distributed source in a 200 cm long
water-filled cylinder. The cylinder diameter included 20 cm, 27 c¢cm, 35 cm, and 40 cm, representing small to large patients.

(a) (b)

Fig. 4. Illustration of detectors integrated in current TB-PET scanners.
(a) Detector used in uEXPLORER from United Imaging Healthcare with
a 7 x 6 block of LYSO crystals, each 2.76 x 2.76 x 18 mm3, coupled to
4 SensL SiPMs, each 6-mm?, thus relying on a light-sharing scheme for
crystal identification (courtesy of Dr. Hongdi Li, United Imaging Healthcare
America). (b) Detector used in PennPET EXPLORER with an 8 x 8 block of
LYSO crystals, each 3.76 x 3.76 x 19 mm3, coupled to the PDPC 64-channel
digital SiPM in a 1:to:1 scheme for crystal identification [28].

bed position. This project has now resulted in two LAFOV
PET scanners, both of which have recently demonstrated
their potential in human imaging: the uEXPLORER scan-
ner developed by United Imaging Healthcare (Shanghai,
China) in collaboration with the UC Davis team, and the
PennPET EXPLORER scanner developed at the University

of Pennsylvania in collaboration with Philips Healthcare
(Cleveland, Ohio). Both designs are based on technology also
incorporated into commercial scanners with a more standard
AFOV. The uEXPLORER scanner uses the same detector as
the uMI 550 and 780 PET-CT scanners, while the PennPET
EXPLORER uses the same digital tile detector as the Philips
Vereos PET-CT scanner. The uEXPLORER scanner is com-
posed of 8 detector rings for a 194 cm total axial FOV and
reported to have a spatial resolution of 3.2 mm and CTR of
505 ps, based on NEMA measurements [29]. The detector uti-
lizes a block of 7 x 6 crystals, each 2.76 x 2.76 x 18 mm?,
coupled to 4 SensL. SiPMs, each 6-mm? [Fig. 4(a)]. Thus, this
detector achieves a ~10:1 crystal:SiPM encoding by relying
on a light-sharing technique. The PennPET EXPLORER scan-
ner is based on a scalable design and was initially evaluated in
a prototype configuration of 3 rings with gaps between rings
leading to an overall axial FOV of 64 cm [30]. The scanner has
a spatial resolution of 4.0 mm and CTR of 256 ps. The detector
utilizes a block of 8 x8 crystal, each 3.76x3.76x 19 mm3, cou-
pled to the PDPC 64-channel digital SiPM [Fig. 4(b)]. Thus,
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Fig. 5. Illustration of the multiring PennPET EXPLORER scanner. The
scalable design, shown in a 3-ring and 6-ring configuration, allows flexibility
in building a TB-PET scanner of various axial length. The rings are closely
stacked with a small gap of < 1 cm, but can also be separated with a larger
gap to extend the axial FOV.

a 1-to-1 crystal:SiPM coupling is achieved, which maximizes
the light collection per SiPM and leads to a combination of
excellent crystal identification, timing resolution, and minimal
deadtime. Compared to the commercial implementation of this
detector with the Philips Vereos, the PennPET EXPLORER
operates the tile detectors at a lower temperature (5° ver-
sus 18°) in order to reduce noise and utilize the trigger
1 level for improved timing performance [30]. The PennPET
EXPLORER is being expanded to 6 rings in 2020 that will
enable an axial FOV of 140 cm for a wider variety of TB-PET
imaging (Fig. 5).

In developing a TB-PET scanner, there were a number of
design challenges and choices to be made. First and foremost
was deciding upon the axial length. Since the average adult
is between 165-175 cm (depending on gender), UC Davis
and UIH decided to make their device nearly 2 m to enable
total body imaging for nearly all adults. Whether or not it
is important to capture the feet simultaneously with the head
remains to be seen, although the longer AFOV does preserve
high sensitivity for the majority of body. As seen from Fig. 3 the
peak sensitivity for a point (or organ) is for an axial length of
100 cm, or less for heavier patients (e.g., > 35-cm diameter).
Fig. 6 shows that for a scanner length of 140 cm the sensitivity
profile is relatively uniform for the central 80 cm (< 10%
change). So, if we want the major organs, from head to pelvis,
to be imaged with peak sensitivity, that supports the need for
a scanner with > 140-cm total length. Given the uncertainty
of the major applications that would be best served by a TB-
PET scanner, the choice made for the PennPET EXPLORER
was to make it scalable with ring-segments of 23-cm each. As
mentioned, this design was first tested with 3 rings (for total
70-cm axial length) and is now being configured with 6 rings
(for total 143-cm axial length). In principle more ring-segments
can be added (or subtracted), but cost, as well as requirements
for planned studies at Penn, were taken into consideration in
making this decision. Another practical consideration is room
size. While a 2-m long PET scanner may require a room that is
larger than normal for PET-CT in a hospital facility, the 1.4-m
long PennPET EXPLORER is sited in a room of typical size
20’ x 27°) for PET-CT where the room length is dictated
mainly by the bed travel required for whole-body surveys.

While the axial length determines the sensitivity, assuming
that crystal material and thickness are considered constant,
there were also considerations about which performance char-
acteristics to prioritize. The uEXPLORER design emphasized
improving spatial resolution, while the PennPET EXPLORER
design emphasized improving TOF resolution. Of course, both
factors contribute to image quality and quantitative accuracy,
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Fig. 6. Axial sensitivity (percentage of events reaching the scanner) profile
for a line source in a 35-cm diameter x 200-cm long cylinder, shown for
a scanner with 20 cm, 70 cm, 140 cm, and 200 cm AFOV.

and their relative importance for TB-PET imaging will be
borne out as more clinically relevant studies are performed.
Regardless of design, all TB-PET scanners will collect data sets
considerably larger than scanners with standard AFOV, assum-
ing that similar dose and scan time is used. This requires both
larger data storage as well as more powerful CPUs or GPUs
for image reconstruction. For the uEXPLORER the data are
sorted into coincidences in hardware, using a predefined axial
acceptance angle (determined by the number of rings in coin-
cidence), whereas the PennPET EXPLORER collects singles
event data from each ring in parallel, and performs coinci-
dence sorting in software. Thus, the event throughput is high
(maximum 100 Mcps per ring) with little deadtime, even for
a study in which a fast bolus is injected. Although the axial
acceptance angle can be adjusted, retrospectively, up to the
maximum, it is likely that it will be set to a value below
the maximum for an average-sized adult since most oblique
lines-of-response (LORs) will be attenuated and increasing the
acceptance angles will result in increased random coincidences
relative to true coincidences. This tradeoff will also depend on
optimizing the coincidence window.

Ultimately, the optimal axial length will be determined by
the applications, as will the priority of individual design factors
that impact on imaging performance. While cost is an impor-
tant factor, its relative importance depends on whether a TB-
PET instrument is used as a clinical instrument to increase
patient throughput, or to broaden the scope of research inves-
tigations with novel radio-tracers and potentially associated
clinical applications. Alternative concepts for TB-PET scanner
designs that may either improve performance or make them
more cost-effective are discussed in the next section.

E. Alternative TB-PET Scanner Designs

Both of the current TB-PET scanners developed under the
EXPLORER Consortium use small cross-section, pixelated
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crystals, arranged in a block and coupled to SiPM arrays.
An alternative detector option is to use larger, monolithic
scintillation detectors that are capable of providing even
higher spatial resolution, potentially improved CTR, as well as
depth-of-interaction (DOI) measurement capability [31], [32].
Measurements show that such detectors are capable of achiev-
ing high sensitivity, spatial resolution < 1.5 mm (FWHM), and
a CTR < 150 ps [33]. With a DOI measurement to minimize
parallax errors, one could reduce the scanner diameter to main-
tain system sensitivity while using less crystal—making the
system cost-effective and still high performance. A major chal-
lenge of monolithic detectors is the complexity of positioning
and timing algorithms, which will be increasingly difficult to
perform in the high data acquisition rate presents in TB-PET
scanners.

Modern PET/CT detectors using pixelated Lu-based scin-
tillators coupled to SiPM arrays can also be used to develop
cost-effective LAFOV systems by reducing the total amount of
detector present in the scanner. As described above, previous
work [22] has shown that system designs using a fixed crystal
volume as that used in current commercial PET systems but
using thinner crystals (< 20 mm thick) and a longer scanner
AFOQOV can achieve similar or slightly higher system sensitiv-
ity, as well as improved clinical performance, such as lesion
detectability [34]. Alternatively, there have been proposals for
using Lu-based detectors in a sparse arrangement (gaps, axially
and/or transaxially) [35]-[40], thereby reducing the detector
cost while achieving longer axial FOV coverage. The redun-
dancy of fully 3-D PET together with TOF information provide
the ability to reconstruct tomographic images with any detec-
tor motion. In fact, the concept of using gaps between detector
rings has been tested in the prototype configuration of the
PennPET EXPLORER [30], [41] with data gaps in each ring
corresponding to a data loss of 30 percent of each ring. These
studies demonstrated that high quality, artifact-free images can
be generated with such data loss. While the sensitivity of
systems using thin crystals or sparse detector arrangement will
be lower than current TB-PET scanners, they will provide the
ability to perform dynamic whole-body imaging due to their
long AFOV.

Finally, a very different design for a cost-effective TB-
PET scanner is to use long plastic scintillators along the axial
direction [42]. Plastic is very inexpensive and provides a very
fast timing signal. Measurement of scintillation photon arrival
times at the two ends of a plastic tube provides the axial
position of an event within the detector. In addition, for a coin-
cident event in two separate detectors, the arrival times provide
the TOF information along the line-of-response as needed for
TOF PET. A significant disadvantage of a plastic-based system
is the low detection efficiency for 511 keV photons, lead-
ing to the need for a thick, or multilayer detector to achieve
comparable system sensitivity.

III. CLINICAL AND RESEARCH APPLICATIONS
Initial studies with both the uEXPLORER and the PennPET
EXPLORER in humans have demonstrated encouraging early
results, representing the successful human translation of these
instruments. Several of the proposed benefits of these LAFOV
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Fig. 7. Images (reconstructed into 2-mm? voxels) of a 170 cm male acquired
on the PennPET EXPLORER in its prototype (3-ring) configuration. A dose
of 551 MBq (14.9 mCi) was injected and the scan acquired for 20 min at
1.75 h post-injection.

scanners described above have been substantiated. Most easily
appreciated, both instruments produce superior image qual-
ity compared to commercial PET scanners. These promising
early studies have spurred the study of numerous potential
applications for these instruments—both in the clinical and
research space.

A. Direct Clinical Applications

Both the uEXPLORER and the PennPET EXPLORER pro-
duce qualitatively superior images, unmatched by modern
standard-of-care clinical scanners. Examples of FDG stud-
ies from the PennPET EXPLORER are shown in Figs. 7
and 8. Images on these LAFOV devices reveal low noise and
anatomic details not easily appreciated on commercial scan-
ners, including vessel walls and brain substructures [41], [43].
Improvements in imaging quality may have direct clinical
application. In a patient with metastatic colon cancer, the
PennPET EXPLORER demonstrated better delineation of per-
ihepatic disease, both prior to and after chemotherapy. A better
understanding of disease burden, including residual disease,
may have direct clinical implications.

The increased sensitivity of the EXPLORER has been lever-
aged to acquire images of diagnostic image quality with less
injected activity than is typically used in the clinic. The
uEXPLORER imaged a 43.5 kg, 152 cm female volunteer
(BMI = 18.8) with 25 MBq (0.7 mCi) of FDG [43]. The
images demonstrated good quality and a normal biodistribu-
tion of FDG with a dose ~5% of a typical FDG dose (15 mCi).
On the PennPET EXPLORER a 71 kg, 164 cm female volun-
teer (BMI = 26.4) was injected with 577 MBq (15.5 mCi) and
scanned for 20 min at 1.5 h p.i., but the data were subsampled
to generate an image with 1/16 of the counts, thus correspond-
ing to a 1.25 min scan or 1 mCi dose. These images shown
in Fig. 8(b) demonstrate good quality, similar to the findings
from the uEXPLORER study.

On the PennPET EXPLORER, a clinical patient with
metastatic neuroendocrine cancer was scanned 3.5 h after
her clinical standard-of-care ®®Ga-DOTATATE PET-CT [41].
Comparable image quality was achieved, even though the
images were obtained with effectively one-fifth of the dose of
the clinical scan at the time of scanning [equivalent to inject-
ing ~30 MBq (0.8 mCi)]. Given production issues inherent
with %8Ga-DOTATATE, and ongoing efforts to produce this
radionuclide with a cyclotron [44], imaging with less injected
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Fig. 8. 164 cm female was scanned on the PennPET EXPLORER in its pro-
totype (3-ring) configuration. A dose of 577 MBq (15.5 mCi) was injected and
the scan acquired for 20 min at 1.5 hr post-injection. (a) Data reconstructed
into 1-mm3 voxels show selective images of brain. (b) Data reconstructed into
4-mm?> voxels, but subsampled with 1/16 the counts, corresponding to a scan
time of 1.25 min or a dose of 1 mCi.

activity may enable more patient access. For pediatrics, imag-
ing with lower dose can also decrease radiation risk. By
combining a low-injected dose with joint reconstruction algo-
rithms that do not require a CT [45], [46], or with MRI [47],
additional gains may be obtained. Finally, low-dose imaging
may enable dual-isotope imaging with the same radionuclide,
discussed below.

As an alternative to both of the above applications—superior
image quality or imaging with less injected activity—these
instruments could be utilized to obtain images with a shorter
scan duration. Subsampling list-mode data on both the uEX-
PLORER and PennPET EXPLORER demonstrated diagnos-
tic quality imaging with scans as short as 1-2 min, and
even less [41], [43]. Such short scans could increase patient
throughput in a busy clinic. Workflow could become more
akin to that of a CT scanner, limited more by patient fac-
tors than actual scan time. Short scans of pediatric patients
may obviate the need for anesthesia, avoiding risks inherent
with the anesthetic, as well as necessary concomitant inva-
sive monitoring [48]. Novel imaging protocols can also be
developed to leverage this new ability. For example, quan-
tification of FDG uptake of pulmonary nodules, particularly
small nodules at the lung bases, is fraught with error secondary
to partial volume effects and respiratory motion artifact.
Breath-hold FDG-PET CT with images obtained in ~30 s or
less, as can be achieved with an LAFOV scanner, can miti-
gate these issues [49], and obviate the need for sophisticated
motion-correction algorithms [50].

Analogous to imaging with lesser injected activity, the
increased sensitivity of an LAFOV scanner could be lever-
aged for delayed imaging, with imaging times far beyond
what is possible with conventional PET scanners. The uEX-
PLORER demonstrated diagnostic-quality imaging in a female
volunteer 10 h after the injection of 256 MBq (6.9 mCi) of
FDG [43]. Human volunteers were imaged up to 24 h—over
10 half-lives—on the PennPET EXPLORER after the injection
of ~555 MBq (~15 mCi) of FDG [41]. In this application, dif-
ferential radiotracer kinetics in tumors versus normal tissues
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may be exploited, as opposed to simply imaging with less
injected dose. For example, FDG accumulates in tumors over
time owing to trapping via the hexokinase enzyme. Tumor
contrast increases over time as FDG washes out from normal
tissue. As such, delayed imaging may have increased sensi-
tivity for detection of hypermetabolic disease [51]. Delayed
imaging has particular promise in detection of liver metas-
tases as metastases are variably hypermetabolic and the liver
has high background activity that decreases over time [52].
Combining delayed imaging with novel radiotracers, includ-
ing long-lived isotopes, should allow an extended study of in
vivo biology as further discussed in the following section.

B. Research Applications

Beyond direct clinical applications, the increased sensitiv-
ity of an LAFOV scanner and the ability to image all major
organs simultaneously has profound research implications. The
wide range of potential research applications for such mod-
ern LAFOV scanners helped to justify the actual construction
of the instruments [53]. In the short time since construction
of the uEXPLORER and PennPET EXPLORER, the research
potential of these devices has started to materialize. The fol-
lowing examples highlight some notable early research studies
on these scanners. Examples of such future studies likely to
be performed at Penn are also discussed.

These applications span a wide range of complexity, from
static imaging with known radiotracers to whole-body dynamic
studies of novel agents. The ability to capture relatively noise-
free time activity in multiple organs and lesions enhances our
ability to study radiotracer kinetics. Dynamic imaging on the
PennPET EXPLORER and uEXPLORER demonstrated blood
input functions with low sampling noise [41], [43]. As the
radiotracer bolus traveled through the vasculature, the arterial
input curves demonstrated progressively blunted peaks sec-
ondary to dispersion and partial volume averaging [41], [54],
underscoring the variability of available arterial input func-
tions for kinetic model selection. Imaging with a long AFOV
scanner ensures the field-of-view always contains a large vas-
cular structure for an input function, possibly eliminating
some of the need for sophisticated correction techniques [55].
Moreover, imaging the entire body will not limit an inves-
tigator to select an anatomic area for dynamic coverage.
An LAFOV scanner will capture all lesions, and combined
with kinetic analysis would mainstream whole-body paramet-
ric imaging [56], which in turn will enable a more complete
characterization of disease burden across an entire patient. An
example of the quality of dynamic imaging with such devices
is shown in Fig. 9. Given known associations of tumoral
heterogeneity and resistance to targeted therapy [57], such
information could inform treatment.

Superior image quality of the brain, as demonstrated
on the PennPET EXPLORER with delineation basal gan-
glia subregions [41], can be leveraged for studying these struc-
tures with known pathology in neurologic diseases. FDG-PET
studies to localize subtle foci of hypometabolism indicative
of seizure foci can also be undertaken. But, what is unique
about an LAFOV scanner is the inclusion of all organs in
a single field-of-view that enables novel approaches to study
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Fig. 9. Example of dynamic study acquired on PennPET EXPLORER in
its prototype (3-ring) configuration, illustrating ability to measure whole-body
kinetics. Five representative frames, from 5 s to 5 min duration, are shown
over the course of 1 h, following injection of 15 mCi FDG.

the physiologic or pathophysiological interactions between
organs, including brain-body interactions. For example, the
endogenous opioid system, implicated in the pathophysiology
of drug addiction, includes both central and peripheral nervous
system components. Exogenous opiate consumption use often
has widespread effects on this system, e.g., constipation and
respiratory depression peripherally and sedation centrally [58].
Radiotracers have been developed to image the opioid recep-
tor, such as !'C-carfentanil, a u-opioid receptor agonist [59].
Imaging on conventional scanners, though, captures the brain
at the exclusion of the spinal cord and peripheral nervous
system. The LAFOV scanner will allow studies of interac-
tions across the entire opioid system. These studies could be
used to develop new opiate-receptor targeting drugs that bind
differentially to central and peripheral system receptors which,
in turn, may confer lower abuse potential.

The superior sensitivity of the LAFOV scanner can be uti-
lized to image radioisotopes with low positron abundance,
including *°Y and 3°Zr with positron abundance of 0.0032%
and 23%, respectively, [60]. Imaging the rare positron emis-
sion of Y with PET would allow dosimetry estimates after
radioembolization of hepatic tumors with a goal of predicting
outcome [61]. Imaging 3Zr with a 3.27-day half-life could
enable extended cell-tracking studies. A recent study with the
mini-EXPLORER, a 45 cm AFOV scanner designed for pri-
mate imaging at UC Davis, imaged 3°Zr-labeled antibodies
up to 30 days after injection in rhesus monkeys. Changes in
tracer biodistribution were appreciated over ~9 half-lives of
897r [62]. In humans, a recent clinical trial studied a radi-
olabeled minibody against CD8+ T cell,¥Zr-IAB22M2C, in
tracking these immune cells involved in the response to
immunotherapy. With conventional scanners, images were
obtained up to 144 h post-injection [63]. Imaging with the
LAFOV scanner would enable more delayed imaging and
tracking.

Finally, the sensitivity of the LAFOV scanner may permit
dual-tracer PET imaging, allowing the in vivo interrogation
of two distinct biologic processes in the same imaging ses-
sion. On current modern scanners, this necessitates two days of
imaging to allow sufficient tracer decay between injections. To
query tumor metabolism, both FDG and '3F-Fluoroglutamine,
a radiotracer of glutamine metabolism [64], [65], can be stud-
ied in immediate succession. Such a study is being planned
on the PennPET EXPLORER. A relatively low dose of '3F-
Fluoroglutamine will be imaged first, exploiting the superior
sensitivity of LAFOV PET scanner. The volume of distribution
and delivery of '8F-Fluoroglutamine can be calculated from

kinetic analysis of 30 min of dynamic imaging. Subsequently,
a greater dose of FDG will be injected and dynamic imaging
will continue unabated. Kinetic image analysis of FDG could
yield delivery and flux estimates, with the analysis accounting
for residual 18F-Fluoroglutamine. Ultimately, in 1.5 h, kinetic
parameters of tumor glutamine and glucose metabolism could
be estimated [66]. Other tracer pairs are also possible—e.g.,
FDG and ®®Ga-DOTATATE—enhancing the ability of PET to
characterize tumor biology to inform treatment.

IV. CONCLUSION

Encouraging early studies of the EXPLORER scanners at
UC Davis and Penn have substantiated the benefits of a TB-
PET scanner in both clinical and research applications. In
certain practice settings, an LAFOV scanner could benefit rou-
tine clinical care when the high sensitivity is appropriately
leveraged, e.g., injecting a lesser activity for pediatric patients
or for a radiotracer in limited supply, or faster scans to increase
throughput in a busy clinical practice. The large axial coverage
enables dynamic studies that are impossible to perform with
a standard axial FOV.

With such versatility of TB-PET, we believe more vendors
will develop LAFOV scanners. Even though FDG imaging will
almost certainly continue to be the primary clinical applica-
tion, which is well served by scanners with a standard AFOV,
we believe that there is an important role for LAFOV scanners
to play. Ultimately marketing and cost considerations, rather
than technology limitations, will determine how many LAFOV
scanners are produced and how quickly TB-PET becomes
widely accepted. While there may be advantages to develop
such scanners with novel technology, it is more likely that for
the near future the vendors will leverage existing technology
from commercial PET-CT with standard AFOV, as the uEX-
PLORER and PennPET EXPLORER have done. To balance
cost-effectiveness and benefit, the axial FOV of such scanners
may not need to cover the entire body; an axial FOV of ~1 m
may be ideal. When appropriately matched with clinical or
research indications, we believe these powerful scanners have
the potential to transform PET research and patient care.
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