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PET may provide important information on the response during radio-
pharmaceutical therapy (RPT). Emission of radiation from the RPT
radionuclide may disturb coincidence detection and impair image
resolution. In this study, we tested the feasibility of performing intra-
therapeutic PET on 3 preclinical PET systems. Methods: Using 2°Na
point sources and phantoms filled with 18F, as well as a phantom filled
with either 9¥™Tc or 77Lu, we evaluated the coincidence counting rate
and spatial resolution when both a PET and a therapeutic radionuclide
were in the PET system. Because %™Tc has a suitable half-life and is
easy obtainable, we used it as a substitute for a generic therapeutic
radionuclide. Results: High activities of °*™Tc deteriorated the coin-
cidence counting rate from the '8F-filled phantom and the 22Na point
source on all 3 systems. The counting rate could be corrected to a
high degree on one of the systems by its dead-time correction. Spatial
resolution was degraded at high 9°™Tc activities for all systems. On
one of the systems, '77Lu increased the coincidence counting rate
and slightly affected the spatial resolution. The results for high 177Lu
activities were similar to those for 9¥™Tc. Conclusion: Intratherapeutic
imaging might be a feasible method of studying the response to RPT.
However, some sensitive preclinical PET systems, unable to handle
high counting rates, will have count losses and may also introduce
image artifacts.
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The use of radiopharmaceutical therapy (RPT) to treat cancer
has advanced in the last decade as more effective targeting mol-
ecules have been introduced (/). Today, high activities of radio-
nuclides or radionuclide-labeled molecules are used clinically to
treat such conditions as thyroid cancer (2), lymphomas (3,4), and
neuroendocrine tumors (5). Hopes of expanding the field have
grown with the development of effective labeling methods for
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antibodies, peptides, and Affibody molecules, among others, to
therapeutic radionuclides (6-8). As these compounds are devel-
oped, better tools for in vivo measurement of the therapeutic re-
sponse in tumor tissue are needed.

Intratherapeutic imaging, that is, PET performed during RPT,
would be of interest for evaluating the effect of therapy early. In
preclinical studies of therapeutic radiopharmaceuticals, the ability
to collect longitudinal data throughout the treatment would reduce
the need to sacrifice many animals. Intratherapeutic imaging could
enhance our understanding of treatment response and offer
biomarkers such as perfusion and hypoxia to complement the
standard in vivo evaluation metric, tumor size.

Many of the radionuclides used for therapy emit not only the
radiation desirable for treatment, such as a-particles, B-particles,
low-energy conversion electrons, and Auger electrons, but also
photons and x-rays. Some of these have energies high enough to
penetrate the body of a patient or animal. This can be useful in
biodistribution measurements and dosimetry calculations. To study
not only therapeutic effects but also absorbed dose and dose rate, it
would be desirable to use a therapeutic radiopharmaceutical and a
diagnostic radiopharmaceutical simultaneously.

PET, a common method of molecular imaging, detects uptake
of positron-emitting radiopharmaceuticals. One example is '8F-
FDG, which detects glucose distribution and, along with dynamic
imaging and pharmacokinetics, enables measurement of tumor
blood perfusion and metabolism over time. In preclinical work,
such studies could further our understanding of RPT. The complex
effects of hypoxia on tumor therapy, which are likely to have big
implications in the design of treatment protocols, can be evaluated with
several PET radiopharmaceuticals, such as '8F-fluoromisonidazole (9).
PET also provides tracers for angiogenesis (/0), tumor cell prolif-
eration, and apoptosis (//), among others.

When PET is applied for intratherapeutic imaging, there may be
a risk that photons emitted from the therapeutic radiopharmaceu-
tical will compromise the performance of the system. Secondary
v-emissions from the therapeutic radionuclide can severely affect
the acquisition. High rates of photon fluence will perturb the de-
tection of coincidences, because the detector will be busy handling
single events without corresponding events in an opposing detec-
tor element (i.e., decreasing the detector lifetime).

The fast acquisition and processing of coincidence data in
modern clinical and preclinical PET systems can sort out detected
single events that do not originate from an annihilation event or
that have been scattered and have lost energy. To allow detection
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of annihilation photons—even if they do not deposit their full
energy in the detector—and to allow small-angle scattered anni-
hilation photons to contribute to the counting rate, the energy
window is set widely at somewhere between 100 and 700 keV.

All photons interacting in the detector will occupy a part of
the time available for the system to process the event (“live
period”). Therefore, all events, including those that do not orig-
inate from a positron annihilation, increase the total counting
rate. At high counting rates, the number of detected coincidences
can be compromised because of dead-time and pile-up effects.
Depending on the dead-time characteristics of the system, events
are lost during the interval when the system is occupied with
processing a previous event. Pile-up can both add and subtract
events from the final number of coincidences detected. Two
photons may, if piled up, fall within the energy window and
therefore add to the number of detected events. Similarly, pho-
tons detected inside the energy window may be pushed over the
upper energy level if piled up with a photon of sufficient but
lower energy. Therefore, pile-up both reduces the statistical
quality of the image and can cause mispositioning of true co-
incidence events (12).

The influence of a therapeutic radiopharmaceutical on a PET
acquisition will depend on the activity, the photon or x-ray yield
(Bremsstrahlung can be neglected), and the energy of the emitted
photons.

In this study, we investigated the impact of intratherapeutic imaging
on the performance of 3 different preclinical PET systems—in partic-
ular, the effect on coincidence counting rate and spatial resolution
when high activities of therapeutic radionuclides were in the field
of view during the acquisition.

MATERIALS AND METHODS

PET Systems

Three different preclinical PET systems were evaluated for intrather-
apeutic imaging. For two of them, Inveon (Siemens Medical Solu-
tions) and NanoPET/CT (Mediso), the detectors are assembled in
a ring geometry, whereas for the third, Genisys4 (Sofie BioSciences),

4 detector blocks are set up as a box. The Inveon and Genisys4 were
located at the University of California, Los Angeles (UCLA), and
the NanoPET/CT was located at Lund University Bioimaging
Center. The characteristics of these systems have been published
elsewhere (/3—16), and their main characteristics are summarized
in Table 1.

The data for all systems were reconstructed into 5-min frames with
the manufacturer-recommended algorithms: maximum-likelihood ex-
pectation maximization (60 iterations) for the Genisys4, ordered-
subset expectation maximization (18 iterations, 16 subsets) for the
Inveon, and 2-dimensional ordered-subsets expectation maximization
(5 subsets, 6 iterations) for the NanoPET/CT.

The 3 PET systems differ in presentation of counting rate data and
user availability. These are commercial systems designed to be user-
friendly, and they perform the data analysis in the background,
presenting only the relevant results to the user. On the Inveon and
Genisys4, true, prompt, and random coincidences are retrievable from
the files created during the data acquisition (header file and list-mode
file). On the NanoPET/CT, the coincidence rate and singles rate for
each detector module are recorded each second in the list-mode file
and in an associated “events rates file.” The coincidence rate is as-
sumed to be the prompt coincidences, that is, with the random prompts
included.

Counting Rate Measurements

Three different high-counting-rate measurements were performed
using decaying sources and phantoms as summarized in Table 2. To
imitate a therapeutic radionuclide in the field of view of the PET
system—emitting photons in the same energy range as for therapeutic
177TLu—"T¢ was introduced as a surrogate.

Counting Rate Capability with '8F Source (Study I). Study 1 was of
the counting rate capability of each PET system. An '8F source was
measured for several hours, throughout its decay.

Counting Rate Capability with *>Na Source and **"Tc Background
(Study 2A). Study 2A followed the decay of *™Tc¢ in an in-house—
made mouse phantom in which a point source of >>Na was placed. The
half-life of 22Na (2.6 y) is long compared with **™Tc (6.02 h) and can
be considered a constant activity; that is, the annihilation rate due to it
will not change for the duration of the measurement. The changes in

TABLE 1
PET System Characteristics

Characteristic Inveon NanoPET/CT Genisys4
Detector material LSO LYSO:Ce BGO
Crystal dimensions (mm?%) 1.5x1.5x%x10 1.12x1.12x 13 1.8x18x7
Axial field of view (mm) 127 95 94
Transaxial field of view (mm) 100 123 45
Energy window (keV) 350-650 400-600 150-650
Coincidence window (ns) 3.4 5 20
Sensitivity (%) 6.7 7.7 14
Image spatial resolution (mm) 1.8 1 1.4
Energy resolution (511 keV) (%) 14.6 19 18.0
Crystal decay time (ns) 47 41 300
Number of detectors 64 12 4
Number of crystals per detector 400 1,200 3,159

BGO = bismuth germanate; LSO = lutetium oxyorthosilicate; LYSO = lutetium yttrium orthosilicate.
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TABLE 2
Specific Activities and Phantoms Used

Activity (MBq)

Study Phantom Inveon Genisys4 NanoPET/CT

1 Sphere*/NEMA 270 ('8F) 11 ('8F) 250 ('8F)

2A Point source and block® 500 (%°mTc), 0.074 (*2Na) 170 (°*™Tc), 0.074 (?2Na) 550 (%°mTc), 0.43 (2Na)
2B Sphere - - 480 (%°mTc)

2C Point source and block® - - 82 ('77Lu), 0.43 (*2Na)
3 Sphere*/NEMA 7.7 (18F), 110 (°°*™Tc) 0.85 ('8F), 0.71 (°*™Tc) 12 (18F), 64 (*°™Tc)
*0.5 mL.

22Na point source placed in center channel; silicon tube pulled through surrounding 4 channels.

1.0 mL for 9MTc and 0.5 mL for 18F.

coincidence counting rate were then due to the influence of the photon
fluence rate and decay of **™Tc.

Random Coincidences from °*"Tc Background on NanoPET/CT
(Study 2B). Study 2B obtained a measurement of random coincidences
generated on the NanoPET/CT by measuring a **™Tc-filled phantom
alone. The true coincidence counting rate obtained in Study 2A was
revealed by subtracting the coincidence counting rate in Study 2B.

Counting Rate Capability with >’>Na Source and '”’Lu Background
(Study 2C). Study 2C was like Study 2A but with the *™Tc being
replaced by '77Lu, a therapeutic radionuclide used for RPT.

Counting Rate Capability with '8F Source and **"Tc Background
(Study 3). Study 3 was of the changes in counting rate seen in Study 1
on each PET system due to a background emission of photons from
99mTc, An '8F source was measured for several hours, throughout its
decay, with °*™Tc alongside the '8F source.

Phantoms

Three types of phantoms were used: spheric hollow phantoms
(Hollow Sphere Sets (6); Data Spectrum), a National Electrical
Manufacturers Association (NEMA) NU 4-2008 mouse phantom
(Data Spectrum), and an in-house—-made mouse phantom. The spheric
phantoms were 0.5 and 1.0 mL in volume. In the NEMA mouse
phantom, the 2 fillable 0.7-mL chambers were used. The in-house

FIGURE 1. In-house-made mouse phantom with thin silicone tube
drawn through the channels and point source placed on top.
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mouse phantom (Fig. 1) consisting of an epoxy resin block (T.L. Hart,
Inc.) with silicon tubes 0.8 mm in inner diameter to be filled with
activity (for Studies 2A-2C and 3). The block measured 90 x 30 x
20 mm and had 5 channels drilled at varying depths—at the surface
and 0.25, 0.5, 0.75, and 1.0 cm from the surface—with the point
source being placed in the center channel. For studies performed on
the NanoPET/CT, the point source encapsulated in plastic was too
large to fit inside the channels. It was therefore placed on top of the
phantom. Use of the phantoms with the different combinations of
radionuclides is described in Table 2.

Radioactivity

177Lu was purchased from IDB Holland, **™T¢ was obtained from a
99Mo/**™T¢ generator, and '8F was produced at the Cyclotron Unit at
Skane University Hospital in Lund. For studies at UCLA, **™Tc was
obtained from Triad Isotopes Inc., and '3F was obtained from the
UCLA Biomedical Cyclotron Facility. The main characteristics of
the radionuclides are summarized in Table 3.

Spatial Resolution and Image Quality

To study the effect of the reconstructed images on spatial resolution
from Studies 2A and 2C, the full width at half maximum and full
width at tenth maximum were calculated for a line profile over the
22Na source. The volume resolution was calculated as the product of
the full width at half maximum or full width at tenth maximum in the
x, ¥, and z directions of the image data.

RESULTS

Counting Rate Capability with 18F Source

The coincidence counting rate performance of the 3 PET
systems as revealed in the phantom studies is shown in Figure 2.
For '8F activities of up to 1.6 MBq, the single and coincidence
counting rates on the Genisys4 steadily increased, but for higher
activities they quickly dropped off because of a paralyzingly high
dead time. The NanoPET/CT and Inveon detectors accept higher
activities and could handle higher counting rates before dead time
led to paralysis. The Inveon reached its maximum coincidence
counting rate at 185 MBq of '8F, and the NanoPET/CT reach its
maximum counting rate at 54 MBq of '8F.

Counting Rate Capability with 2Na Source and
99mT¢c Background

The initial high activity of *°™Tc placed in the PET system
together with the 74-kBq 2?Na point source affected the coincidence
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TABLE 3
Radionuclides Used in This Report

Isotope Half-life Decay mode Q-value (keV) Branching (%) y-emission (keV) y-yield (%)
1771y 6.734 d B~ 498.3 100 113 6.4
208 11.0
18F 109.77 m e, B 1,655.5 3.27 — —
633.5 96.73
9mTg 6.01 h IT — 100 140.511 89
142.628 0.0187
22Na 2.6019y e, Bt 2,842.2 100 1,274.53 99.944

e = electron capture; IT = isomeric transition.

counting rate detected for all 3 systems (Figs. 3A-3C). The
Genisys4 was continuously losing true coincidence counts with in-
creasing activities of *™Tc during the interval examined (29-0.2
MBq). The number of random coincidences notably increased at
between 1 and 8 MBq of *°™Tc. At even higher activities, all
detected coincidences quickly decreased because of dead-time
paralysis.

For the Inveon (Fig. 3B), the activity in the field of view
during the initial time frame was 500 MBq of *°™Tc together
with the 74-kBq point source of ?2Na. Including the *°™Tc re-
duced the detected true coincidence rate to about a third of that
without *°™Tc activity present. The number of coincidences was
constant for activities of up to about 10 MBq. For activities
of over 50 MBq, the number of detected coincidences fell
approximately exponentially with increasing °°™Tc activity.
Random coincidences remained negligible for **™Tc activities
of up to 250 MBgq, at which point an increase was noticed.
Correcting the true coincidence rate with the dead-time correc-
tion factor available on the Inveon compensated for the coinci-
dence counting rate losses seen at **™Tc activities of over
50 MBgq.
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FIGURE 2. True coincidence counting rates detected on Genisys4,

Inveon, and NanoPET/CT when high activities of '8F were allowed to
decay in PET system in Study 1. (On NanoPET/CT, available counting
rates were plotted.)
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On the NanoPET/CT, the total coincidence rate was constant at
up to about 5 MBq of *™Tc and then increased to a maximum at
175 MBq (Fig. 30C).

The spatial resolution degraded when high ®™Tc activity was
present with the 2?Na point source (Figs. 4A—4C). The full width
at half maximum was broadened by 20% at 1.8, 115, and 110 MBq
of #mTc¢ for the Genisys4, Inveon, and NanoPET/CT, respectively.

Random Coincidences from °°™T¢ Background
on NanoPET/CT

To verify that the increased counting rate on the NanoPET/CT
in Study 2A was due to random coincidences, 500 MBq of *°™Tc
were imaged alone. The coincidence counting rate (plotted as
randoms in Fig. 3C) followed the same trajectory as seen in Study
2A, though this time rising from a baseline of almost zero coin-
cidences for activities below 5 MBq to a maximum for 175 MBq,
approximately the same activity as in Study 2A. The calculated
true coincidence counting rate is also plotted in Figure 3C.

Counting Rate Capability with 2Na Source and
177Lu Background

On the NanoPET/CT, use of the therapeutic radionuclide '77Lu
gave results similar to those found for *°™Tc. At '7’Lu activities
higher than 10 MBq, the counting rate increased quickly (Fig.
3C). The maximum activity used, 88 MBq, did not clearly affect
the spatial resolution (Fig. 4C). The main y-emission for **™Tc
at 140 keV has a photon yield of 89%, and the most prominent
v-emissions from 17’Lu at 113 and 208 keV have a photon yield
of 6.4% and 11.0%, respectively. Assuming these all interact in
the detectors with the same probability, we need roughly 5 times
the activity of '7’Lu to have the same photon fluence rate as
for 2°™Tc,

Counting Rate Capability with 18F Source and
99mT¢c Background

Comparisons of the counting rate with and without **™T¢ are
found in Figures SA, 5B, and 5C for the Genisys4, Inveon, and
NanoPET/CT, respectively. Introduction of *°™Tc into the field
of view resulted in divergence of coincidence counting rates
from those found for !8F alone. The initial activities of *°™Tc¢
disrupted the counting rate for all systems. As both the '8F and
the **mTc¢ decayed, the divergence decreased. The response of
the Genisys4 and Inveon was similar to that in Study 2A,
with coincidence counts being lost in relation to the amount
of 9°mTc activity. At higher activities of the two radionuclides,

Mellhammar et al. 1967
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FIGURE 3. Coincidence counting rates when 22Na point source was imaged together with decaying °°mTc (Study 2A) for Genisys4 (A), Inveon (B),
and NanoPET/CT (C). B also presents corrected counting rate for Study 2A for Inveon. C also presents coincidence counting rates for decaying
9mTc (Study 2B) and 22Na point source imaged together with decaying '77Lu (Study 2C) on NanoPET/CT.

the NanoPET/CT experienced a higher counting rate loss be-
cause of dead time, but at lower activities the system measured
a higher counting rate because of the high number of random

counts.
The dead-time correction factor readily available to the user

on the Inveon was able to correct the divergence, as seen in
Figure 5B.

DISCUSSION

A leading strategy to find new and better treatments for cancer
has been the development of targeted RPT that specifically
finds and disseminates cancer cells. A ligand—-radionuclide ra-
diopharmaceutical can be applied either as a primary therapy or,

through a dual or even synergetic effect, as a way to activate the
body’s own immune system and inhibit the signaling vital to the
cancer cell. For aggressive cancers with a poor prognosis that
have been difficult to treat thus far, regimens consisting of var-
ious combination of targeted treatments might be a future strat-
egy. To optimize such strategies, it will be crucial to accurately
quantify the response in vivo during and after therapy. Changes
in tumor size, tumor viscosity, the extracellular microenviron-
ment, and other factors that enable and limit the tumor can be
prognostic and can help inform decisions on further treatment. A
comprehensive review has been published previously by Vallab-
hajosula (/7).

This study has shown the feasibility of performing intrather-
apeutic imaging on preclinical PET systems. The intricate data
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FIGURE 4. Volume resolution for Genisys4 (A), Inveon (B), and NanoPET/CT (C) measured over 22Na point source imaged together with decaying
9mTc (Study 2A). C also presents volume resolution measured over 22Na point source together with decaying '77Lu for NanoPET/CT (Study 2C).
FWHM = full width at half maximum; FWTM = full width at tenth maximum.
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for Inveon.

processing in the investigated systems can, to a varying degree,
handle a higher photon fluence impinging on the detector and
creating high counting rates. In the case of the NanoPET/CT, even
77Lu activities higher than those usually used in preclinical stud-
ies did not seem to diminish the spatial resolution. As shown in
Figure 4C, ®"Tc was a good surrogate for !77Lu as measured on
the NanoPET/CT (no such study was possible at UCLA because it
lacks a '77Lu license).

Because of the availability of *™Tc¢ at nuclear medicine clinics
and its comparatively low price, its use as a surrogate for a
hypothetical therapeutic radionuclide is a helpful way to evaluate
the plausibility of performing intratherapeutic imaging on PET
systems. The main photon emission of **™Tc, 140 keV, is com-
parable to the 113- and 208-keV photon emissions of !77Lu.
Since these photon emissions are likely to have approximately
an equal probability of interacting in the detector and an equal
effect on counting rate, equal photon fluences should result in
similar counting rates and effects on the resolution. The differ-
ence in photon yield can therefore be used to approximate the
activities of **™Tc and 7Lu needed to result in comparable
photon fluence rates.

The high sensitivity and lower counting rate capabilities of the
Genisys4 reduce the amount of activity that can be handled by the
system, including the PET radionuclide. The system loses a linear
relationship between counting rate and activity at low activities,
but this error might be compensated for fairly easily with an
accurate dead-time correction model, as demonstrated on the
Inveon (Fig. 2B). In the ®°™Tc activity interval investigated in
Figure 3, the system never reached a constant counting rate. This
is, however, expected to happen for low enough activities. The
interval was chosen to imitate a photon fluence relevant in RPT.
In the case of '77Lu therapy, activities of 20-40 MBq are admin-
istrated preclinically and would probably influence the perfor-
mance of the Genisys4 since the detector system is paralyzed at
10 MBq of *™Tc.

The Inveon and NanoPET/CT can handle the activity levels
relevant to preclinical intratherapeutic imaging. Although the
Genisys4 is limited by its dead-time losses, the Inveon and
NanoPET/CT may suffer more from resolution losses due to
event pile-up, as this increases with counting rate.

PrecLINICAL INTRATHERAPEUTIC PET

The spatial resolution was maintained on two of the systems up
to therapeutic activities. Thus, for good image quality at high
photon fluences, it is important to know the limitations of the
system.

The NanoPET/CT showed an interesting higher tendency to
produce random events from the *™Tc, as the random coincidence
rate started to increase when the °*™Tc activity was higher than
5 MBgq, leading to a net increase in the prompt coincidence counting
rate for activities of up to 175 MBq. After a maximum counting
rate had been reached, the effects of dead time dominated and the
counting rate dropped.

CONCLUSION

We have presented a simple method of evaluating the counting
rate capabilities of preclinical PET systems being used for
intratherapeutic imaging. The evaluated systems showed a clear
dependence on the higher impinging photon fluence rate, which
affected both count losses and spatial resolution. For therapeutic
77Lu activities of 10-50 MBgq, two of the systems will start to
experience a coincidence count loss, although with negligible loss
of spatial resolution. The third investigated system was not able to
handle such high activities.
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