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Can we use PET to quantify mu opioid receptors across the monkey
brain, spinal cord and peripheral organs at the same time? Totally!
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Improving the resolution and sensitivity of positron emission
tomography (PET) scanners is an ongoing quest, with new
gating methods, time-of-flight, iterative reconstruction, and
integration of anatomical (MRI and CT) imaging, as well as
development of new detectors, just some of the approaches
being investigated. These efforts have been highly success-
ful, apparent through improvements in image quality for
patient studies over the years, and comparison of images
from early PET scanners with the exquisite images obtained
from the latest PET/CT and PET/MRI devices [1]. Never-
theless, because PET detectors have an axial coverage of
15-30 cm, only a limited number of coincidence photons are
detected and, until quite recently, whole body scans needed
to be acquired using multiple bed positions in series. To
address this inherent limitation, the last decade has wit-
nessed the introduction of total body PET (TBP) scanners,
extended axial field of view (e.g. 194 cm) instruments with
many more detectors than traditional scanners that greatly
improve upon the sensitivity of traditional PET scanners by
detecting most of the coincidence photons from the whole
body at once (Fig. 1) [2].

Initial funding from the National Cancer Institute’s “pro-
vocative questions award’ created the EXPLORER Consor-
tium, a group charged with developing 2 TBP systems based
upon lutetium—yttrium oxyorthosilicate (LYSO) crystals. The
first, developed by the University of Pennsylvania working
with Phillips and KAGE Medical, was to have excellent tim-
ing resolution and a length of 140 cm (PennPET Explorer,
Fig. 2) [3, 4]. The second was a 194 cm scanner with excellent
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spatial resolution developed by the UC Davis team and United
Imaging Healthcare (Explorer TBP) [2]. Subsequently, United
has also worked with investigators at Yale to design the Neuro
eXplorer, a next-generation ultra-high performance scanner,
also utilizing LYSO crystals, and specifically introduced for
human brain PET [5], while the main scanner manufacturers
have introduced their own TBP systems (e.g. Siemens Bio-
graph Vision Quadra (105 cm FOV, lutetium oxoorthosilicate
(LSO) crystals) [6], GE Omni Legend (up to 128 cm FOV,
bismuth germanate (BGO) crystals)) [7].

While TBP scanners are still somewhat in their infancy,
and thus still come at quite a high cost (ca. $10 m) because
of the newness of the technology and the very high numbers
of crystals they contain (Explorer has 564,480 crystal ele-
ments!), the clinical benefits of such scanners resulting from
the long axial field of view are numerous, including:

e Higher sensitivity (up to 68 times higher than PET/CT
has been suggested [8]);

e The higher number of detectors enables dynamic acquisi-
tion from all tissues of interest at the same time;

e Improved signal-to-noise ratio (SNR);

e Shorter scan times (e.g. < 10 min) with less injected dose;

e Pediatric scans can be conducted without anesthesia;

These advanced capabilities offer exciting possibilities
for research and development, as well as clinical care [2, 9].
Much has been reported on the clinical use of TBP, includ-
ing the first human studies with the United Imaging/UC
Davis Explorer, reported in 2019 [10], and acquired using
['®F]fludeoxyglucose (['*F]FDG). This was the first study to
show ['®F]FDG kinetics throughout the entire body, and the
team showed that diagnostic-quality scans could be acquired
in <1 min! Additionally, diagnostic-quality images could
also be obtained using injected doses as low as 25 MBq
(0.7 mCi). Lastly, Explorer has the ability to image ['*F]
FDG distribution for up to 10 h (<5 half-lives) after injec-
tion given its high sensitivity.
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Fig. 1 Traditional PET scanner
(A) and total-body PET (TBP)
scanner (B). Reprinted from [2]
with permission from AAAS

Fig.2 PennPET Explorer;
reproduced with permission
from ref [4], © SNMMI

Meanwhile, clinical imaging with the PennPET Explorer
was reported in 2020 by Pantel and colleagues. Clinical
scans were acquired using ['8FIFDG (Fig. 3) and [ Ga]
DOTATATE, while research subjects were imaged with
experimental radiotracers such as '®F-labeled NOS PET and
[18F]ﬂu0rtriopride [11]. Similarly, the first clinical experi-
ence with the Siemens Biograph Vision Quadra PET/CT
scanner was reported in 2021 by the group from Bern, Swit-
zerland [6, 12]. The scanners have demonstrated similar per-
formance, providing exquisite clinical images and exciting
new data far beyond the capabilities of standard scanners.
Recent review articles dig deeper into the performance char-
acteristics of the different scanners available today, as well
as consider future prospects for TBP [8, 13, 14].

While much has been reported about the clinical capa-
bilities of the long axial field of view scanners, to date
comparatively less has been discussed about the enormous
potential TBP scanners offer to groups engaged in pre-clin-
ical research, both with new radiotracers and by revisiting
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existing tracers. In 2018, Berg and colleagues reported non-
human primate imaging using mini-EXPLORER, a dedi-
cated long axial field-of-view PET scanner for animals with
a 45.7 cm axial FOV [15]. Rhesus monkeys were imaged
using ['8F]FDG. Dynamic scans were undertaken, demon-
strating similar benefits to the clinical scans noted above,
including fast imaging (1-s early frames), exceptional scan
quality (30-s and 5-min frames), and the ability to conduct
late imaging (18 h after injection), all acquired from a single
bed position capturing all the major organs of the rhesus
monkeys (Fig. 4).

Now, in a recent paper in the European Journal of
Nuclear Medicine and Molecular Imaging (EJNMMI), Hsieh
and co-workers report total-body imaging of mu-opioid recep-
tors (MORs) with [M'C]carfentanil ([“C]CFN) in non-human
primates (NHPs) on the PennPET Explorer [16]. The team is
part of the PET Addiction Center of Excellence (PACE), a
Center that combines expertise in PET and opioid research
from the PET Centers at the University of Pennsylvania and
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Fig.3 A sagittal, coronal, and A

axial ['®F]FDG PET images of
subject scanned on PennPET
Explorer (10-min scan). B
Transverse images on Penn-
PET Explorer after subject was !
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Fig.4 Maximum-intensity-pro-
jection images from ['*FIFDG
rhesus monkey study: 1-s frame
at 5 s after injection (A), 0-30 s
after injection (B), 55-60 min
after injection (C), and 18 h
after injection (40-min scan)
(D). Reproduced from ref [15]
with permission, © SNMMI

Yale University that is funded by a P30 grant through the
National Institute on Drug Abuse (NIDA). The paper reports
an exciting study as it represents the first work quantifying
receptor occupancy in the monkey brain and the periphery
at the same time using preclinical TBP. Both baseline and
blocking studies were conducted to measure the effect of
antagonists on MOR binding in both the CNS and peripheral
organs concurrently, given the whole rhesus monkey fits in
the extended axial FOV (Fig. 5).

The PennPET Explorer was used for MOR total-body
PET imaging of four rhesus macaques using [''C]CFN.
Monkeys were scanned under baseline conditions and
naloxone pretreatment (Figs. 5 and 6), as well as naloxone
or GSK1521498 displacement studies. An initial low dose
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CT scan confirmed positioning and attenuation correction.
Monkeys then received intravenous injection of 105 MBq
(2.8 mCi) of [''C]CEN (injected mass: 102.8 +207.2 ng/kg),
followed by dynamic PET image acquired in list-mode. For
the baseline, retest, and naloxone pretreatment scans, 90 min
dynamic images were acquired in 29 time frames. For the
displacement studies, naloxone or GSK 1521498 was admin-
istered 40 min post-injection of ['!C]CFN, and the dynamic
scan was continued for a total of 120 min in 48 time frames.
Images were analyzed using Pmod, following co-registration
to MR-T1 weighted brain images spatially normalized to
the D99 rhesus macaque MR brain template. Fifteen vol-
umes of interest (VOIs) were defined using the spatially
normalized brain PET image in the D99 template domain
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Fig.5 Representative total-body
SUVR(_99 min images of the
same rhesus monkey in baseline
and naloxone pretreatment stud-
ies. Reproduced from ref [16] |
with permission \
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Fig.6 Representative Logan DVR images of the same NHP in baseline and naloxone pretreatment studies in (a) brain and (b) cervical spinal

cord. Reproduced from ref [16] with permission

to generate regional brain time-activity curves (TACs). The
TAC:s of each VOI were used to calculate DVRs for control
and blockade to determine the effect of the blocking agent
(Logan method using cerebellar cortex as reference region).
SUYV ratios (SUVRs) of the various VOIs to the cerebellar
cortex were also calculated.

The study demonstrates TBP and test—retest variability
of [''C]CFN, a MOR agonist radiotracer that has been used
for opioid imaging since the 1980s. Baseline studies using
the PennPET Explorer revealed high radiotracer uptake in
brain regions known to express MOR (thalamus, caudate,
putamen, nucleus accumbens, amygdala, hippocampus,
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midbrain), while test—retest variability in the brain was
found to be 8%, in line with prior reports over the years.
Capitalizing on the TPB capabilities of their new scan-
ner (i.e. extended FOV and high sensitivity), the team was
able to quantify [''C]CFN signal in the cervical spinal
cord (Fig. 6) and also found high reproducibility of the
DVR (~ 6% test—retest variation). In the naloxone pretreat-
ment studies, a significant blocking effect was observed
in most of the brain regions as well as in cervical spinal
cord (Fig. 6). In displacement studies, the ability of nalox-
one and GSK 1521498 to prevent the ['!C]CFN rebinding
to the MOR was found to be similar, and no differences



European Journal of Nuclear Medicine and Molecular Imaging

were observed in the rate of “displacement” of [''C]CFN
between the two antagonists.

Finally, the authors demonstrate clear advantages to mon-
key imaging using TBP over existing scanners as they were
able to study [''C]CFN uptake and quantify MOR expression
in the periphery, concurrent with brain and spinal cord (Figs. 5
and 6). Examining ['!C]CFN binding throughout the monkey
revealed some expected findings (e.g. there was no difference
among the TACs for the baseline, retest, and naloxone pretreat-
ment studies in the skeletal muscle, consistent with reports of
low MOR expression in that tissue). The data shown in Fig. 6
indicate the feasibility of imaging MOR in the cervical spinal
cord using [!!C]CFN, whereas it is likely not possible in the
thoracic and lumber spinal cord due to low uptake of the radi-
otracer. There is ambiguity around expression of MORS in the
heart and, indeed, the authors found the same in this work.
Naloxone pretreatment, for example, resulted in an average of
17% reduction in [''CJCFN SUVR(_g) i fOr 2 monkeys, but
a 4% increase in the third, and mixed results in the fourth. In
the displacement studies, a gradual change in [''C]CFN signal
after treatment with naloxone or GSK1521498 was observed in
the TACs. The authors suggest that perhaps dosing at 0.14 mg/
kg may not be high enough to block the binding of [''C]CFN
to cardiac MORs. Presumably, there could also be variations
in MOR expression between the animals (e.g. due to age, sex
etc.). Either way, additional studies are warranted and the
TBP capabilities of the PennPET Explorer will be critical to
answering such questions. Lastly, of note, somewhat higher
test—retest variability was apparent in some peripheral organs
compared with the brain and cervical spinal cord, which the
authors attribute to complications in quantification due to the
expected presence of labeled metabolites outside of the brain
and/or variability of the biological clearance of [''C]CFN and
its radiolabeled metabolites amongst the NHPs.

This new generation of TBP scanners are already having
a pronounced impact on clinical brain PET, enabling identi-
fication, and thus quantification, of very small brain regions
beyond the resolution of more traditional PET scanners [17].
Prior work from Berg [15], and the new study in EJNMMI
from Hsieh and colleagues [16], show that there is also much
to be learned from TBP in the preclinical setting. Overall, the
paper describing the first animal imaging study using the Pen-
nPET Explorer represents a milestone in the development of
TBP. In this case, the use of total body PET in combination
with both blocking and displacement studies enabled study
of the dynamic interactions between the MOR agonist ['!C]
CFN and MOR antagonists like naloxone and GSK1521498
across the brain, spinal cord and peripheral organs simulta-
neously. The findings are important in the context of opioid
PET, and are certain to be useful as we wrangle with the opi-
oid crisis and ongoing efforts to develop non-addictive opioid
painkillers.

Furthermore, in addition to obtaining exquisite brain images
and showing high test-test repeatability, this proof-of-concept
study demonstrated that preclinical TBP enables evaluation
of receptor expression and target engagement in the brain and
across the entire monkey in a single scan. From an academic
perspective, one can see how this capability will rapidly lead
to a trove of imaging data that ordinarily might be missed. Tra-
ditional monkey scanners do not have adjustable beds and/or
animals cannot be kept under anesthesia for extended periods
of time to scan in multiple bed positions while, other times,
there is insufficient scanner bandwidth and/or research funds to
acquire multiple scans for every new tracer/drug under evalua-
tion. Thus, the ability to acquire extensive imaging data from
both the brain and periphery during a single scan represents
a gamechanger for preclinical PET. The new insights into
whole body pharmacokinetics and target engagement that
TBP is enabling are expected to improve the process of tracer
development (e.g. use of lower doses is beneficial when early
phase radiosyntheses might still be low yielding [18, 19], TBP
image-derived input functions could reduce/eliminate the need
for arterial blood sampling [20]) as well as further enhance
the use of PET imaging in drug development, allowing drug
hunters to gain significantly more information about their
pharmaceutical assets (e.g. target expression/ engagement, off
target interactions, drug sinks etc.) without added experimental
complexity or need for additional scans. Today, TBP scanners
remain costly, but given that the price is expected to drop and
the benefits continue to become apparent, TBP technology is
expected to become more commonplace in the future present-
ing exciting new possibilities for translational imaging scien-
tists working in nuclear medicine and theranostics.

Data availability Complete data used to support the findings of the
study can be found in the original article.
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