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ABSTRACT

Total body (TB) positron emission tomography (PET) instruments have dramatically changed the paradigm of PET clinical
and research studies due to their very high sensitivity and capability to image dynamic radiopharmaceutical distributions
in the major organs of the body simultaneously. In this manuscript, we review the design of these systems and discuss
general challenges and trade-offs to maximize the performance gains of current TB-PET systems. We then describe new
concepts and technology that may impact future TB-PET systems. The manuscript summarizes what has been learned
from the initial sites with TB-PET and explores potential research and clinical applications of TB-PET. The current gener-
ation of TB-PET systems range in axial field-of-view (AFOV) from 1to 2 m and serve to illustrate the benefits and oppor-
tunities of a longer AFOV for various applications in PET. In only a few years of use these new TB-PET systems have
shown that they will play an important role in expanding the field of molecular imaging and benefiting clinical practice.

INTRODUCTION

Total body (TB) PET instruments have dramatically
changed the scope of PET clinical and research studies. We
consider TB-PET instruments to be those with an axial field
of view (AFOV) of at least 60 cm so that these instruments
not only have very high sensitivity compared with instru-
ments of standard AFOV (<30cm), but also have the capa-
bility to image dynamic radiopharmaceutical distributions
in the major organs of the body simultaneously. TB-PET
instruments have only been in use since 2018 and have
generated much interest in that short time in both clinical
and research settings. In this manuscript, we review the
design and performance of these systems, noting common
features, as well as differences. We also discuss general chal-
lenges and trade-offs to maximize the performance gains
of TB-PET systems. We consider these new instruments
to be the first generation of a new category of PET design
and discuss some areas where we expect improvements
and refinements in the coming years. The manuscript then
summarizes what has been learned from the initial sites
with TB-PET and explores potential research and clinical
applications of TB-PET.

Existing systems

The general design features and performance charac-
teristics of the three TB-PET systems in routine use are
summarized in Table 1. United Imaging (UI) Healthcare’s

uEXPLORER scanner with a 194cm AFOV initiated
human imaging at the University of California-Davis in
2019* and at several sites in China.’ The PennPET Explorer
system was built as a scalable system and was installed with
a 64cm AFOV (three rings) at the University of Pennsyl-
vania in 2018° ; it now has a 142cm AFOV (six rings). In
2020, Siemens introduced the Biograph Vision Quadra
scanner with an AFOV of 106 cm.” The number of installa-
tions of TB-PET systems is quickly approaching two dozen,
almost equally split between Siemens (mostly in Europe)
and UI Healthcare (mostly in China). All three TB-PET
systems use LSO or L(Y)SO crystals coupled to silicon
photomultipliers (SiPMs), similar to systems with standard
AFOV, with differences in the size and coupling configu-
ration of crystals to SiPMs contributing to the differences
in spatial and time-of-flight (TOF) resolutions noted in
Table 1.7 It is known that the TOF resolution translates
to an effective gain in sensitivity, where the TOF sensitivity
gain is inversely proportional to the TOF resolution® ; the
TOF sensitivity gain should be combined with the gain in
geometric sensitivity in comparing overall performance of
TB-PET systems.

Sensitivity gain

The dramatic increase in sensitivity due to the long axial
coverage is shown schematically in Figure 1(a). As the axial
acceptance angle 0 increases with the AFOV, more events
at oblique axial angles are detected (events that are lost
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Table 1. Design and performance of existing TB-PET systems

Daube-Witherspoon et a/

Siemens Biograph Vision
System United Imaging uEXPLORER" PennPET Explorer? Quadra’®
Crystal size 2.76 x 2.76 x 18.1 mm’ 3.86 x 3.86 x 19 mm? 3.2x 3.2 x 20 mm’
Crystals : SiPM 10.5:1 1:1 5:1
AFOV (cm) 194 142 106
Ring diameter (cm) 78.6 76.4 78.0
Axial acceptance angle +57° +62° +18°/+52°
Max Ring Difference MRD 85/322
Coincidence timing window 4.5-6.9 4.5 4.7
(ns) (varies with detector unit difference)
TOF resolution (ps) 505 240 225/230
MRD 85/322

Spatial resolution @ctr

Transverse (mm) 3.0 4.0 33

Axial (mm) 2.8 4.0 3.8 (MRD 85)

AFOV, axial field of view; TB-PET, total body positron emission tomography; TOF, time-of flight.

in scanners with a standard AFOV). Total sensitivity increases
up to 32x in air can be achieved for the longest TB-PET system
compared with standard systems. The peak sensitivity gain for
a point source (or organ) reaches a maximum of about 2-3x in
air (Figure 1(b)); because oblique coincidences are preferentially
attenuated due to their longer pathlength through the patient,’
however, the peak sensitivity gain in patients is less than 2x for
AFOVs > 100cm (Figure 1(c) and (d)). However, as also seen
in Figure 1, with a longer AFOV comes a longer region of peak
sensitivity.

There are trade-offs, however, in accepting all possible oblique
events to obtain this high sensitivity. More background (random
and scattered) events are detected with the larger acceptance
angle, in addition to the true coincidences. These unwanted

events must be corrected to obtain quantitatively accurate
images. In addition, oblique events suffer from parallax errors
caused by uncertainty about the depth of interaction (DOI) of
the 511-keV annihilation photons in the crystal, which degrades
the axial resolution at the center of the system.'” With the
PennPET Explorer, we reported a degradation in axial resolu-
tion of ~0.5mm in the center of the AFOV? ; we note that this
is considerably smaller than the degradation in radial resolu-
tion with increasing radial offset that also results from parallax
errors and is seen in all scanners. The PennPET Explorer oper-
ates with a wide-open acceptance angle 6 = £62°, while the
uEXPLORER limits 6 to £57° and the Quadra currently limits
0 to £18° for clinical imaging. While the trade-offs with large 6
for clinical and research studies have not yet been fully explored,
it is reminiscent of when fully 3D imaging was becoming more

Figure 1. (a) Schematic showing the axial acceptance angle (0) and accepted lines of response that increase from a standard
AFOV (shaded) to a long AFOV in a TB-PET system. Geometric axial sensitivity profiles for a 200 cm long central line source (b)
in air and attenuated by (c) 20cm and (d) 35cm cylinders for AFOVs ranging from 26 to 200 cm. Note the change in y-axis scales
for the attenuated profiles. The gains in peak sensitivity relative to a 26 cm AFQOV system for the source in a 20cm cylinder are
1.8x%, 2.0x, 2.0x, and 2.0x for 70-, 100-, 140-, and 200cm AFQV, respectively; the gains in total sensitivity relative to a 26 cm AFOV
system for the source in a 20cm cylinder are 5.9x, 10.1x, 16.0x, and 25.0x for 70-, 100-, 140-, and 200cm AFQV, respectively. The
sensitivity gains are higher for the source in air and slightly lower for the source in the 35cm cylinder (Courtesy, Dr S. Surti). AFOV,
axial field of view; TB-PET, total body positron emission tomography.
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widely used in the 1990s—ultimately the large gains from sensi-
tivity were favored over the small losses of spatial resolution,
which were mitigated by more accurate 3D reconstruction
algorithms."!

Performance measurements

Performance standards (e.g NEMA NU-2 PET standard'?)
to characterize intrinsic and overall system performance are
intended to be straightforward, and, while they may not mimic
clinical studies, their results are indicative of scanner behavior
in the clinic. TB-PET systems, however, are longer than the
65 cm maximum length envisioned in the early 2000s when the
NEMA whole-body PET standard was first developed,'® and
some of these measurements will not reflect TB-PET system
performance. For example, because the axial spatial resolution
may vary across the AFOV, measurements of the spatial resolu-
tion at an additional position in between the two axial positions
currently specified (center of the AFOV and 3/8 of the AFOV
from the center) would better characterize system performance
in the clinic.

The sensitivity measurement in the NEMA PET standard
specifies a 70cm long line source; UC-Davis and UPenn have
reported sensitivity using both a 70 cm long source (for compar-
ison with standard AFOV systems) and a 170 cm long source.?
A length of 170 cm was chosen to match the average height of
an adult human,'* noting that for a shorter scanner the activity
outside the FOV has no effect, but for a longer scanner (e.g. the
uEXPLORER) the scanner sensitivity will not be fully character-
ized. Since the sensitivity measurement (line source in air) is not
a realistic measurement for patient imaging, but is used to char-
acterize intrinsic performance, we think that a line source equal
to or greater than the TB-PET scanner AFOV may be best. To
compare the sensitivity measurement with that of conventional
scanners, the central 70 cm of the axial sensitivity profile can be
summed with the activity/cm scaled to that used for the 70 cm
NEMA specification. In this way the measurement for conven-
tional scanners does not need to change.

A similar argument can be made for increasing the length of
the count rate performance phantom, where the NEMA PET
standard calls for using a 70cm long line in a 20cm diameter
phantom of the same length. There is some merit in this shorter
phantom, since most organs of interest (brain to pelvis) are
within ~70-100cm even though the activity at high concen-
trations may be locally distributed (e.g. a bolus in the heart) or
distributed through more of the body, depending on the radio-
tracer. Measurements with longer phantoms, ranging from
140cm'® to 175cm' have been reported to characterize a wider
range of imaging scenarios that can be instructive in predicting
performance in the clinic.

The remaining NEMA PET performance measurements are
generally applicable to TB-PET systems. It can be instructive,
though, to measure the image quality phantom (length: 18 cm) in
both the axial center and closer to an end of the AFOV (as done in
Spencer et al') to characterize the behavior of the clinical recon-
struction algorithm and accuracy of corrections throughout the
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system and capture the impact of changes in axial spatial resolu-
tion on contrast recovery.

Considerations with TB-PET systems

There are several factors associated with imaging on a TB-PET
system that are not usually encountered on standard AFOV PET
scanners. TB-PET systems stress the computational system due
to the very large data sizes associated with these devices. With
an unrestricted axial acceptance angle, the number of possible
lines of response (LORs) increases roughly as the square of the
AFOV: while a single ring of the PennPET Explorer (22.9cm
AFOV) would have 2.9 x 10°® LORs, the full 6-ring system
(142cm AFOV) has 1.0 x 10'%and requires 1 TB to store a
60 min [ISF]—ﬂudeoxyglucose (FDG) dynamic scan (370 MBq
injection). Both the uEXPLORER and Quadra systems restrict
the axial acceptance angle, so the number of accepted LORs is
less. In addition, in order to accept all true coincidences with the
largest acceptance angle (and largest potential TOF difference),
the coincidence timing window must be extended, which leads to
increased random coincidences (and scatter), although this may
be optimized by allowing the timing window to vary with axial
angle, as is done on the uEXPLORER." Reconstruction times also
increase with the large data sizes and the need in dynamic studies
to generate multiframe images or 4D parametric imagesls'21 to
capture the time course of the radiotracer for kinetic modeling
of biologic parameters. While a static study can be reconstructed
within an hour of acquisition on the PennPET Explorer, dynamic
studies can take several hours. The reconstructions are faster on
commercial systems; a dynamic FDG study on the Quadra, e.g.
can be reconstructed in under 1h.

The current default reconstruction algorithm on TB-PET systems
is fundamentally the same as on most standard PET scanners:
TOF iterative reconstruction based on the ordered subsets expec-
tation maximization (OSEM) algorithm22’23 that can include
modeling of the point spread function (PSF).** The PSF model
should include the axial dependence of the axial resolution, in
addition to the usual radial dependence of transverse resolu-
tion. The accuracy of the corrections for attenuation, detector
normalization, and random and scattered events must also be
carefully considered on a TB-PET system, since the magnitude
of these corrections becomes larger with longer AFOV. Atten-
uation factors (derived from CT) and detector normalization
correction factors vary substantially with axial angle; in addi-
tion, a measurement of normalization factors requires a longer
acquisition time to ensure adequate counts are collected for all
LORs to avoid propagation of noise in the correction factors into
the reconstructed image.”® As with standard AFOV scanners,
random events are accurately estimated with a delayed coinci-
dence window; the higher randoms fractions with larger axial
acceptance angle can, however, increase image noise. Finally, the
number of detected scattered events also increases with AFOV
and can increase image noise as well even if accurately esti-
mated. Despite the challenges of adapting standard methods for
data correction and image reconstruction to the larger data sets,
TB-PET systems generate quantitatively accurate images on par
with standard AFOV systems, as evidenced by careful phantom
and validation studies (e.g. references3,4).
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There are also practical challenges with TB-PET, for both patient
and investigator. One obvious difference is the length of the
tunnel, which can reduce access to the patient and increase the
possibility of claustrophobia and patient motion. This demands
that care is taken in the design of lighting, air flow, and patient-
staff communication. The Siemens Quadra has the shortest
AFOV and the largest bore, thereby minimizing these effects,
whereas the PennPET Explorer is unique in having an open space
between the PET and CT portions of the system that allows for
ready access to the patient. This is especially helpful for research
studies when blood sampling is required or when radiotracer is
injected while the patient is being imaged. It is still important
to keep the tubing as short as possible (e.g. 1 m or shorter) to
minimize dead space (delays) and dispersion in the tubing. Also,
unlike standard AFOV scanners, the tubing is within the FOV
of the system; for early frames following a bolus injection or
for studies involving a continuous infusion of activity, the pres-
ence of focal activity outside the body can lead to errors in the
scatter estimate unless properly handled. Another distinction
of TB-PET systems is the design of the patient bed that must
handle the long (~2m) travel to ensure no or fixed deflection
differences between the CT and all parts of the PET system. It
should be noted that all standard AFOV systems allow for long
travel to image the whole body, albeit in multiple bed positions,
but the distance between the CT and the PET is shorter for these
systems, so variable deflection is less of a concern. Finally, the
room size or layout of the system in the room can be an issue for
longer systems.

FUTURE DIRECTIONS

The first generation of TB-PET systems has demonstrated the
benefits of these systems and shown that TB-PET systems are
reliable, based on feedback from users, despite the large increase
in the number of components. Since current TB-PET systems are
based on technology that was adapted from standard systems, it
is expected that further advances in detector technology or data
processing methods could be translated to TB-PET systems to
improve their system performance as well. This might include
detector materials or SiPMs to improve TOF resolution or mono-
lithic (or semi-monolithic) detectors with DOI capability, which
are under investigation to improve the spatial resolution without
the need for ever smaller crystal elements.”**’ For TB-PET, there
is also a priority to reduce their cost (which roughly scales with
axial length and is, therefore, 3—-6 times that of a standard AFOV
system) to allow wider dissemination of these systems. Given the
high cost of the LSO or L(Y)SO scintillator, one might reduce the
crystal thickness and recover effective sensitivity with improved
TOF resolution.”® Alternatively, lower cost scintillators may be
used. A prototype TOF PET system using low-cost plastic scintil-
lation detectors is under development,? although this system will
have lower sensitivity than one based on lutetium-based detec-
tors (while still higher than standard AFOV systems). Another
technology under development is TOF detectors based on
measurement of the Cerenkov radiation in bismuth germanate
(BGO) detectors,®**! which might eventually offer a lower-cost
alternative for TB-PET.

System geometry design is one area where there is potential
to achieve most of the benefits of TB-PET with a lower total
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cost. Reducing the number of detectors, through axial gaps
between detector rings or “missing” detectors both within a
ring and between rings, can allow for long axial coverage but at
the cost of some of the sensitivity gain achieved with complete
detector coverage.”> ™ Sparse detector designs take advantage
of the redundancy of data used in 3D reconstruction. In fact,
the PennPET Explorer has demonstrated the utility of a sparse
detector geometry for TB-PET, operating until recently with
interring gaps equal to 30% of the active detector length; this
affected the overall sensitivity, but not image uniformity or quan-
titative accuracy. For many applications, the trade-off of sensi-
tivity is offset by the longer axial coverage (for fixed number of
detectors) and still very large sensitivity gain.

There are also several developments in image reconstruction
underway that will take advantage of the long AFOV or comple-
ment the benefits of TB-PET. Four-dimensional reconstruction
of dynamic processes is enabled by the simultaneous coverage
of the whole body and the high sensitivity of the system that
permits ultra-fast (<1s) temporal sampling.'® Deep learning-
based reconstruction (e.g. Gong et al*® ) or post-processing has
the potential to reduce the difficulties of handling the large data
sets and to improve low-count images. Pediatric or serial studies
(where the high sensitivity of a long AFOV systems permits low
injected activities) will be enabled by joint emission/attenuation
estimation using algorithms® ~ to reduce the radiation expo-
sure further by eliminating the CT scan.

CLINICAL APPLICATIONS

In the few years since their development, TB-PET scanners have
already demonstrated the clinical benefits due to the increased
sensitivity. Both the uEXPLORER and Quadra are routinely used
as clinical instruments, as well as for research investigations,
whereas the PennPET Explorer is currently a dedicated research
instrument, although clinical protocols can be performed in the
context of research with informed consent by the patient.

The initial human studies of healthy subjects on the uEXPLORER
demonstrated exquisite detail in the PET images with longer scan
durations (up to 20 min), including vessel walls, spinal cord, and
brain, whereas imaging with very short scan durations (<1 min)
yielded satisfactory PET images, as did imaging with very low
administered doses (25 MBq).4 Currently, on a uEXPLORER
at Zhongshan Hospital, three protocols are used for FDG PET.
The first choice is a low-dose protocol with 1.85 MBq/kg and a
3-5min scan, but this may be increased to 3.7 MBq/kg with scans
0.5-2min, or decreased to 0.37 MBg/kg with scans 7-15min,
depending on the patient, disease, and clinical question.” In
contrast, at UC Davis, a clinical protocol for routine FDG scans
was chosen using 296 MBq (8 mCi) with 20min scans at 2h
post-injection (p.i.), designed to optimize image quality and to
enhance lesion contrast.” For lymphoma patients, imaging is
also performed at 1hour p.i. so that the Deauville criteria can
be applied, using the 5-point scale to compare uptake in sites of
disease to blood pool uptake in the mediastinum and uptake in
undiseased liver parenchyma.*’ Given washout of tracer from
both structures over time, such studies show that imaging at 2
h may give a different classification than at 1 h. Similarly, the
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increased image quality of TB-PET may reveal sites of uptake that
may not be visualized on conventional PET/CT, such as normal
subcentimeter cervical lymph nodes.* The interpreting physi-
cian should be aware of such differences in image quality and
adjust their interpretation accordingly, understanding typical
patterns of disease. It is notable that both Zhongshan Hospital
and UC Davis have demonstrated improved clinical benefit with
the uEXPLORER, but with different imaging protocols, under-
scoring the ability to tailor imaging studies to clinical needs.

Although the PennPET Explorer is not used routinely for clin-
ical imaging, a number of clinical patients with disease have
been imaged in a back-to-back comparison to clinical scanners
with standard AFOVs. Even in its initial configuration with a
64 cm AFOV, qualitatively superior images were obtained on the
PennPET Explorer compared to the standard scan for the same
scanning duration (~16 min), whereas very short scans (~2 min)
yielded comparable quality images to the standard scan.® Imaging
with the current configuration of 142cm AFOV indicates that a
5min scan (at 60 min p.i.) provides excellent diagnostic quality
for adults, with 370 MBq (10 mCi) injected dose. A pediatric
protocol utilizes similarly short scans, but with a weight-based
injected dose, thereby minimizing patient motion and obviating
the need for anesthesia with its inherent risks in children.*?
Imaging with low-dose protocols for both PET and CT will also
benefit this patient population where cumulative radiation expo-
sure is a concern.

A larger head-to-head study was performed between the Quadra
and a Biograph Vision PET/CT (26.3cm AFOV) with FDG,
BE_PSMA, and ®*Ga-DOTATATE. Compared to a 16 min scan
on the standard AFOV, the Quadra achieved equivalent target
lesional integral activity and signal-to-noise in less than 2 min;
10 min images on the Quadra, though, were clearly superior, and
guided the current clinical protocol of 6-10 min scan duration.
As an alternative to shorter scans, these investigators also calcu-
lated that an injected dose of under 40 MBq (~1 mCi) may be
used with satisfactory image quality,” again underscoring the
increased flexibility with TB-PET to tailor protocols to clinical
needs.

Other studies demonstrated the increased sensitivity for detec-
tion of disease compared to conventional PET. In a patient with
metastatic colon cancer, the PennPET Explorer demonstrated a
supradiaphragmatic lymph node that was not seen on standard
PETS It is noted that later images benefit from increased trap-
ping of FDG in malignancy with washout from normal tissue,
but also that the high sensitivity of TB-PET scanners compen-
sates for the loss of signal due to radioactive decay. In a more
striking example, in a patient with a metastatic neuroendocrine
tumor, ®*Ga-DOTATATE PET images on the PennPET Explorer
provided comparable diagnostic information to the standard
scan, although images were obtained on the PennPET Explorer
3.5hours p.i. Such protocols may prove especially useful for
tracers with production difficulties, such as generator-produced
%%Ga-DOTATATE with a relatively short half-life of 68 min.**
The increased sensitivity of TB-PET can also be leveraged for
imaging neuroendocrine tumors with **Cu-DOTATATE, which
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has recently been FDA approved with increased clinical avail-
ability secondary to a 12.7h half-life and cyclotron produc-
tion.*® ®*Cu, though, has a relatively low positron branching
ratio (17.5%) compared to 8Ga (89%)," necessitating different
imaging protocols to optimize clinical imaging with each of these
tracers.

Early clinical experience with each available TB-PET has
clearly demonstrated the added value and increased flexibility
of imaging with these sensitive instruments: image quality is
significantly improved using similar scan time and injected dose
as standard AFOV instruments, but the increased sensitivity of
TB-PET can be leveraged to enable imaging faster, with lower
injected dose, and with delayed scan start times to enhance lesion
contrast. With increasing experience, clinical uses will continue
to evolve with the imaging protocols tailored to particular clin-
ical applications.

RESEARCH APPLICATIONS

Clearly, TB-PET scanners add value in the current clinical space,
but these powerful scanners also have the ability to truly advance
the field by creating new opportunities in PET imaging and
ushering in a new era of precision medicine. Many research proj-
ects have been initiated with these instruments with early results
demonstrating promise.

Delayed imaging to characterize tumor biology

As discussed above, TB-PET scanners have demonstrated the
ability to image at delayed time points after injection to improve
clinical diagnostics. Delayed imaging can also benefit research
studies by better characterizing tracer biology. In a dramatic
illustration of this, imaging as late as 24 hours p.i. of a standard
injected dose of FDG demonstrated washout of tracer from the
brain at delayed time points. This provided definitive evidence
supporting what had earlier been suspected about the kinetics
of FDG in the brain, but not as definitely shown.® Similarly,
images of a **Zr-labelled anti-CD8 minibody obtained at 24h
on the PennPET Explorer demonstrated the ability to track
immune cells over time.*® With relatively slow temporal changes
in the activity distribution and a 23% positron faction,* these
ongoing studies benefit greatly from the extended axial length
and high sensitivity of the PennPET Explorer, since they require
low injected dose (~37 MBq) to minimize the radiation dose to
normal tissues.

TB-PET to optimize dosimetry estimates to guide
radionuclide therapy

In a more novel application of delayed imaging, TB-PET can be
utilized to provide reliable estimates of radiation dosimetry to
better guide radionuclide therapy. Currently, the use of radiation
dosimetry to guide therapy is limited to planar imaging in clin-
ical nuclear medicine. Dosimetry is only routinely used to deter-
mine a maximum tolerated administered activity in patients
with metastatic thyroid cancer treated with radioactive iodine
therapy™ and to modify the cumulative administered activity
of high specific activity of '*'I-iobenguane in the treatment of
advanced pheochromocytoma or paraganglioma.”® Notably,
treatment of neuroendocrine tumors with '”’Lu-DOTATATE
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Figure 2. Representative maximum intensity projection images from studies on the PennPET Explorer that demonstrate the multi-
ple benefits of TB-PET systems with a range of AFOV. Images are shown for a (a) dynamic '®F-FDG study in a 3-ring (64 cm) con-
figuration, (b) dynamic "®F-FDG study in a 6-ring (142 cm) configuration (courtesy, Dr C. Wiers), and (c) 8°Zr-CD8 study in a 5-ring
(112cm) configuration, acquired in two bed positions to scan the 1.83m tall subject (courtesy, Dr M. Farwell). The different temporal
framing for (a) and (b) reflects the different goals of these two studies. The positioning of the subject was adjusted for each study
to place the axial region of interest more centrally in the AFOV. AFQV, axial field of view; BE-FDG, 18-fluorodeoxyglucose; TB-PET,

total body positron emission tomography.

30-35s

55-60min

55-60min

does not utilize dosimetry data for determination of injected
activity. Rather, a fixed dose of 7.4 GBq (200 mCi) is adminis-
tered for four total doses unless modified by patient factors,
usually a decline in blood counts from hematotoxicity.”> A
companion diagnostic DOTATATE PET scan is most often
used to select patients for therapy based on a shared target with
77Lu-DOTATATE, but is not utilized for dosimetric purposes.
Similarly, '”’Lu-vipivotide tetraxetan, approved in March 2022
for treatment of certain patients with PSMA-positive metastatic
castration-resistant prostate cancer, has a companion diagnostic
PET scan to select patients for therapy, but likewise does not
utilize dosimetry for determination of injected dose.”

The imprecision of currently utilized dosimetry methods
hampers research into dosimetry-guided radionuclide treat-
ment and ultimate clinical adoption. The narrow therapeutic
window of most radiopharmaceuticals necessitates precision

that cannot be attained with planar or SPECT methods. While
SPECT/CT may achieve reasonable estimates of whole organ
dose, it cannot accurately determine tumor dose, since SPECT
suffers from suboptimal contrast recovery and increased vari-
ability. It is difficult to envision clinically useful dosimetry if it
does not provide tumor dose estimates to understand the likely
benefit of therapy. TB-PET provides an alternative to these
methods, as evidenced by the ability to image PET tracers at
delayed time points. This ability to precisely measure the tail of
the time activity curve may provide data necessary to advance
this research area. This ability is not limited to large homoge-
neous areas of activity, as the spatial resolution and contrast
recovery allow accurate and precise measurements of both
small lesions and suborgan heterogeneity (e.g. activity within
renal cortex versus collecting systems). Specifically, **Cu-DO-
TATATE" may be leveraged for dosimetry estimates to guide
treatment with '”’Lu-DOTATATE.
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Dual-tracer imaging with TB-PET

In just the past decade, several radiotracers have advanced into
the nuclear medicine clinic (**F-Fluciclovine, '®F-DCFPyL,
8Ga-PSMA, '®F-Fluoroestradiol, ®*Ga-DOTATATE, **Cu-DO-
TATATE), improving the ability to stage and characterize disease.
These clinical tracers complement a growing array of investiga-
tional PET agents. However, characterizing malignancy fully with
different radiotracers is hampered by the need to allow for radio-
active decay between scans (e.g. 1day with '®F). This limits the
ability to characterize tumor biology in a single imaging session
and impedes recruitment efforts to clinical trials. By leveraging
the sensitivity advantages of TB-PET, we have developed dual-
tracer imaging on the PennPET Explorer using two tracers:
8E-FDG and '®F-Fluoroglutamine as measures of glucose and
glutamine metabolism, respectively. An initial ‘*F-Fluoroglu-
tamine (FGIn) study with a research subject with breast cancer
demonstrated that the volume of distribution (Vp) of FGln,
the kinetic parameter of interest, can be accurately estimated
in 30 min with an injected dose of 37 MBq (1 mCi) because of
the high sensitivity of the PennPET Explorer. Based on these
results, a second subject was injected with 37 MBq of FGIn and
imaged for 30 min followed by an injection of 370 MBq (10 mCi)
of FDG, which allowed the calculation of both Vp, for FGIn and
FDG delivery and flux in the same imaging session. Of course,
this paradigm could be extended to other tracers, including
clinical tracers that are imaged at late static time points (e.g.
8E_Fluoroestradiol or *F-Fluorothimidine and FDG). TB-PET
may enable “multiparametric” PET, expanding the potential of
molecular imaging.**

SUMMARY

The studies performed in the last several years with the first-
generation systems, which have ranged in AFOV from 64 to
194 cm, serve to illustrate the trade-offs made between AFOV
and performance. Figure 2 shows three examples of studies
performed with the PennPET Explorer in configurations with

BJR

different AFOV. The first study illustrates that even a 64cm
AFOV permits multiorgan dynamic imaging with a measured
input function and sufficient sensitivity to permit time frames
as short as 1s. This shorter AFOV is also sufficient for organ-
focused studies, such as those of the brain or heart, which benefit
from the higher axial sensitivity of a TB-PET system. The second
study was performed more recently with the full 142cm AFOV
and illustrates the advantage of capturing all major organs with
greater flexibility in positioning for tall patients. Both subjects
for these studies were 176 cm. The third study was performed
earlier with 112cm AFOV and required a 2-bed scan since the
subject was 183 cm, and the study was designed to detect inflam-
mation in the legs as well as upper body. Such studies performed
with a static radiotracer uptake are feasible with multiple bed
positions, but also extend the total scan duration if the AFOV is
not long enough to capture the full area of interest. The “optimal”
AFOV therefore does not exist; instead, the most suitable AFOV
is task-specific and depends on the intended application(s) of
the system. Clearly, from the early work described, all TB-PET
scanners with AFOV>60cm offer significant benefits for many
clinical and research applications, and we anticipate that the
applications will grow as an expanding base of users gains addi-
tional experience with these new systems. These higher sensi-
tivity systems will enable radiotracer development, expanding
the field beyond FDG to new tracers better matched to specific
diseases or conditions.
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