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Performing PET imaging during ongoing radionuclide therapy can
be a promising method to follow tumor response in vivo. However,

the high therapeutic activity can interfere with the PET camera

performance and degrade both image quality and quantitative
capabilities. As a solution, low-energy photon emissions from the

therapeutic radionuclide can be highly attenuated, still allowing

sufficient detection of annihilation photons in coincidence. Meth-
ods: Hollow Rose metal cylinders with walls 2–4 mm thick were
used to shield a 22Na point source and a uniform phantom filled

with 18F as they were imaged on a preclinical PET camera with

increasing activities of 177Lu. A mouse with a subcutaneous tumor

was injected with 18F-FDG and imaged with an additional 120 MBq
of 177Lu and repeated with shields surrounding the animal. Results:
The addition of 177Lu to the volume imaged continuously degraded

the image quality with increasing activity. The image quality was
improved when shielding was introduced. The shields showed a

high ability to produce stable and reproducible results for both spa-

tial resolution and quantification of up to 120 MBq of 177Lu activity

(maximum activity tested). Conclusion: Without shielding, the ac-
tivity quantification will be inaccurate for time points at which ther-

apeutic activities are high. The suggested method shows that the

shields reduce the noise induced by the 177Lu and therefore enable

longitudinal quantitative intratherapeutic imaging studies.
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To improve cancer therapy, there is a need for sensitive and
quantitative molecular imaging techniques to follow therapeutic
efficacy and progress of disease (1,2).
In preclinical research, molecular imaging techniques such as

PET help decipher the response to treatment in animal tumor
models. Changes in proliferation, hypoxia, angiogenesis, and
other factors important to tumor growth and survival can be
monitored in vivo with PET tracers (2–5). PET adds physiologic

information that can have better prognostic value than measuring
tumor size and volume with calipers or with morphologic imaging
such as CTor MRI (6). PET tracers enable longitudinal studies, allow-
ing measurements of both early and late treatment response (7).
Radionuclide therapy (RNT) is an expanding field of systemic

therapies in which tumor-targeting molecules are labeled with
radionuclides to deliver localized radiotherapy to tumor cells with
high specificity. 177Lu-DOTATATE is a recent effective RNT for
the treatment of neuroendocrine tumors, and several other prom-
ising treatments are currently under development (8,9), such as
177Lu-prostate-specific membrane antigen treatment for metastatic
prostate cancer (10–12). Radionuclides used for RNT are chosen
for their mode of decay and the linear energy transfer of the
emitted particles. To follow response markers in vivo with PET
can be both a step toward more personalized medicine and a tool
to broaden the radiobiologic understanding of RNT.
However, photon emissions from RNT radionuclides can inter-

fere during intratherapeutic PET. 177Lu has g-emissions of 113 and
208 keV, with emission yields of 6.2% and 10.4%, respectively
(13). This excess photon flux risks the addition of noise and distor-
tions. Although the low-energy photons can be rejected by energy
discrimination, the detector electronics must still process these
events. The result may be dead-time losses and loss in sensitivity.
Accepted single events from the photon background are also likely
to generate a significant amount of random coincidences that will
add noise to the image once subtracted. A large photon flux is also
likely to result in pulse pileup, which might interfere with the de-
tection of the annihilation photons and will affect the spatial reso-
lution (14,15). We examined this problem on several preclinical
PET scanners (16) and found that some systems have limited abil-
ities in handling a high background photon flux from a therapeutic
source and display a reduced spatial resolution and image artifacts.
In a longitudinal study of an animal undergoing an RNT, where
the therapeutic activity will decay from high to low over time, the
quantification of the therapeutic effect measured with PET will
be uncertain.
We propose a metal shield that surrounds the animal during

intratherapeutic PET imaging. The attenuation differs such that
lower-energy photons will be more attenuated than the 511-keV
photons. Transmission through a Rose metal shield as a function
of shield thickness calculated from mass attenuation factors for
Rose metal (17) are presented in Figure 1.
Absorbing shields have previously been used in PET imaging.

Muehllehner (18) used a graded absorber to attenuate g-rays scat-
tered in the patient. This was followed up by Spinks and Shah
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(19), who evaluated the effect of lead filters on a neuro-PET
system. Goertzen et al. investigated the opportunity to perform
simultaneous PET and CT by shielding the PET detector with
lead (20).
In this paper, image quality is evaluated in a manner similar to

that performed by Goertzen et al. evaluating small-animal PET
systems (21). They followed the National Electrical Manufac-
turers Association 4-2008 protocol that standardizes how to report
preclinical PET imaging parameters (22). We report similar mea-
surements with a uniform volume of 18F and a 22Na point source.
We also show in vivo proof of concept in a xenografted mouse.
Additionally, Monte Carlo simulations are performed to evaluate the
count rate effects of shields and energy window discrimination.

MATERIALS AND METHODS

Shields

The attenuation of low-energy photons was achieved with cylindric
shields of Rose metal. Rose metal is an alloy consisting of 50%

bismuth, 25%–28% lead, and 22%–25% tin. It has a low melting point
and does not contract after cooling, making it suitable for custom-

made radiation shields. It is also less toxic than lead, favoring its use
(23). Three cylinders of Rose metal were constructed with an inner

diameter of 35 mm and a wall thickness of 2, 3, or 4 mm and were all
9 cm long (Fig. 2).

PET Imaging and Image Evaluation

The preclinical G8 PET/CT system (Sofie BioSciences, Perkin-

Elmer) (24), the successor of the preclinical PET/CT system Genisys 4
(Sofie BioSciences) (25), was used in this study. The G8 applies a

dead-time correction to the data; however, it is accurate only up to a
photon flux produced by a mouse injected with 3 MBq of 18F-FDG.

To run imaging procedures with the shield surrounding the phantom
or mouse, a plastic sheet was constructed and used in place of the

system’s ordinary animal bed. The system’s default energy window of
150–650 keV was used in all measurements. All acquisitions were

reconstructed as static frames with the system’s maximum-likelihood
expectation-maximization (60 iterations) algorithm.

VivoQuant (version 3.0; inviCRO) was used to select representative
images and to draw volumes of interest (VOIs) over regions in the

phantom studies of the reconstructed DICOM images. MATLAB

(R2017b; MathWorks) was used to select line profiles through the
22Na point source in the images and to calculate the full width at half
maximum (FWHM) for the axial, coronal, and sagittal projections.

The volume FWHM was calculated as the product of the axial, sag-
ittal, and coronal FWHMs.

Count Rate Characteristics

A 70-kBq 22Na point source (half-life, 2.6 y) was imaged together

with 0.1–50 MBq of 99mTc-sodiumpertechnetate (Triad Isotopes Inc.)
dissolved in water in a 1-mL syringe. The point source was placed at

the center of the FOV on a stand; the syringe was centered along the
transversal axis, just below the point source. The acquisition was made

as a dynamic scan, acquiring data for 5 min every hour until the initial
50 MBq of 99mTc activity had decayed to less than 0.1 MBq. The

count rates of coincidence events (prompt, delayed, and true events)
for the 5-min acquisitions were retrieved from the histogram file.

The low-energy g-photons emitted from 99mTc (141 keV) adds a
background photon flux that will interact in the PET detectors, simu-

lating the presence of a therapeutic radionuclide in the PET camera.
The short half-life of 6.0 h of 99mTc, compared with 6.7 d for 177Lu,

allowed a broad photon flux range to be evaluated within a reasonable
time frame. Emission branching leads to about a factor of 5 times

higher photon flux per decay from 99mTc than from 177Lu.

Point Source

The 22Na point source was placed on a stand at the center of the
field of view (FOV) together with a spheric hollow phantom (Hollow

Sphere Sets, 0.5 mL; Data Spectrum) filled with 0–120 MBq of 177Lu
(77Lu-DOTATATE; Advanced Accelerator Applications) dissolved in

0.5 mL of water. The 177Lu sphere phantom (outer diameter, 1.2 cm)
was placed at the foot of the stand, approximately 1 cm below the

point source. This setup was imaged in 5-min static acquisitions with-
out and with increasing thickness of shields (2–4 mm) surrounding

both point source and sphere phantom. The volume FWHM of the
reconstructed point source was evaluated. The prompt coincidence

count rates were extracted from the histogram files to evaluate the
effect of the 177Lu background on the coincidence count rate. A

spheric VOI with 7.3-mm diameter (200 mm3) was placed over the
22Na point source in the reconstructed images. Image counts in the

VOIs were summed and normalized by the summed VOI image counts
from the point source when measured without any shield in place or
177Lu activity present in the FOV.

FIGURE 1. The number of transmitted photons I through Rose metal

shield in terms of the number without a shield I0 for relevant photon energies

representing γ-emissions from 177Lu and 511-keV annihilation photons.

FIGURE 2. Shield of Rose metal for intratherapeutic PET imaging of

mice during RNT. Shields used were 2, 3, and 4 mm thick (here shown

with 4-mm thickness). All had inner diameter of 35 mm.
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Uniform 18F Phantom

A 20-mL syringe (inner diameter, 21.2 mm) filled with 790 kBq of 18F-
FDG (produced at the Biomedical Cyclotron Facility at UCLA) was

centered along the transversal axis and imaged alone and together with
0–120 MBq of 177Lu in the 0.5-mL sphere phantom placed on top of the

syringe at its middle point. Static 10-min acquisitions were made without
the shields, and then with the phantoms placed inside shields of increasing

thickness (2–4 mm). A cylindric VOI (710 mm3) was centered inside the
18F syringe phantom in the reconstructed images. The relative SD (RSD)

(coefficient of variation) of the image counts in the VOI was calculated as
previously reported (21,22). The sum of image counts detected in the VOI

was normalized by the events detected from the 18F phantom measured
without any shield or 177Lu activity present in the FOV.

Mouse 18F-FDG Imaging

The animal experiment was approved by the UCLA Animal Re-
search Committee and was performed according to the guidelines of

the Division of Laboratory Animal Medicine at UCLA.

One C57BL/6 mouse bearing a RM1-PGLS–based subcutaneous

tumor in the shoulder region was injected with 790 kBq of 18F-
FDG. After 1 h, the mouse was euthanized and repeatedly imaged

in 10-min static acquisitions: first by itself with no 177Lu present
and then with the spheric phantom containing 120 MBq of 177Lu taped

to the right side of its back. Lastly, the animal and the 177Lu source
were imaged with each of the shields (2–4 mm).

Monte Carlo Simulations of the PET System and Shielding

To get a better understanding of the origin of the image distortions
during intratherapeutic PET imaging, spectra of the energy deposi-

tions in the PET camera’s bismuth germanate detectors were simu-
lated with GATE 8.0, a software for Monte Carlo simulation of

medical imaging and radiotherapy (26). Simulating the shields also
clarifies the underlying attenuation effects of our method’s perfor-

mance. A model of the Genisys4 preclinical PET system, whose de-
tectors have similar properties and geometry to the G8 PET/CT

system, and a cylindric phantom filled with 10 MBq of 177Lu in water
(radius, 1 cm; height, 5 cm) and a point source of 100 kBq of 18F

placed at the center of the cylindric phantom were simulated. Simu-

lations were repeated with a 4-mm-thick Rose metal shield surround-
ing the cylinder phantom and point source. The energy depositions of

the interactions in the detector volumes were recorded. At least 107

initial emissions were generated in both simulations.

A digitizer model describing the detection of singles and coinci-
dences among the energy depositions in the detectors was optimized

to reproduce measured single and coincidence rates from 20 kBq to
17 MBq of 18F dissolved in water in a 20-mL cylindric phantom (Sup-

plemental Figs. 1A and 1B; supplemental materials are available at
http://jnm.snmjournals.org). The dead time was estimated to 1,550 ns

from the singles rate, and the model assumed a paralyzable dead-time
behavior. The digitizer model was then used to simulate the coinci-

dence rate when 100 kBq of 18F and 0–30 MBq of 177Lu homoge-
neously distributed within a cylindric phantom was imaged with wide

(150–650 keV) or narrow (350–650 keV) energy windows, with and
without a 3-mm Rose metal shield surrounding the phantom.

RESULTS

Count Rate Characteristics

The detected count rates from the 22Na point source as a func-
tion of 99mTc activity are shown in Figure 3. The true coincidence
count rate dropped off almost exponentially as a function of in-

creasing 99mTc activity because of count
losses due to the system’s dead time, pro-
duced by the increasing flux of low-energy
photons. At about 3.4 MBq of 99mTc, the
true coincidence count rate was reduced to
half that generated by the point source
itself. At 6.2 MBq, the true coincidence
count rate was 32% (1,321/4,251 counts/
s) and the numbers of true and delayed
coincidences were equal, a point often
used as a cutoff for when count rates are
too high for accurate PET imaging.

Point Source

The volume spatial resolution of the
22Na point source as a function of increas-
ing activities of 177Lu in the FOV is pre-
sented in Figure 4A and shows an increasing
volume FWHM with increasing 177Lu activ-
ity. The use of shields recovered the volume

FIGURE 3. Coincidence counts detected in 5-min time frames at be-

ginning of every hour as 99mTc-filled syringe was imaged together with

70-kBq 22Na point source. As 99mTc decayed, broad interval (.0.1–50

MBq) of low-energy photon flux was examined to evaluate effect on

coincidence count rate. Dead-time losses to true coincidence count rate

increased as 99mTc activity increased.

FIGURE 4. Results from imaging of 22Na point source with increasing 177Lu activity present in

FOV. Imaging was performed with 0-, 2-, 3-, and 4-mm Rose shields surrounding activity. (A)

Image resolution evaluated as volume FWHM of point source with and without increased shield

width. (B) Prompt coincidence count rate with increasing thickness of shields. Points are normal-

ized to data point where no 177Lu activity or shield surrounded 22Na point source. (C) Normalized

sum of image counts detected in spheric VOI placed around point source.
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FWHM to approximately the same spatial resolution as measured for
the 22Na point source alone.
The prompt count rates show the attenuating differences

between the shields in Figure 4B. The prompt coincidence count
rate increased slightly for all shields for increased 177Lu activity,
but with a reduced effect for increasing thickness. Without shield-
ing, the prompt coincidences reached a maximum count rate at 40
MBq of 177Lu. As the 177Lu activity was further increased, dead-
time losses reduced the coincidence count rate.
The image counts detected in the VOI around the point source

are presented in Figure 4C. The signal fell off almost exponen-
tially as the 177Lu activity was increased. The data in Figure 4C
show the reduction in number of coincidences detected because
of the attenuation of the shields, which results in an effective
sensitivity reduction of the system. The mean and SD of the
normalized sum of image counts over the 177Lu interval of 0–
120 MBq for the 4-mm shield was 25% 6 1%. This large re-
duction in image counts results in an increase in image noise or
requires increased imaging time. The reduction will require a
new calibration factor for quantitative measurement of the PET
tracer. However, the low variation in counts over the interval of
0–120 MBq shows that reliable quantitative intratherapeutic stud-
ies are possible to perform.

Uniform 18F Phantom

The image quality of a cylindric phantom with a uniform distri-
bution of 790 kBq 6 40 kBq (mean 6 SD) of 18F activity was
clearly reduced when an increasing amount of 177Lu activity was
introduced to the FOV, as demonstrated by the axial images in
Figure 5A. The use of shields restored the expected volume dis-
tribution of 18F inside the uniform phantom (Fig. 5A, image col-
lected using a 2-mm shield).

The RSD of image counts inside the uniform volume with 18F as
a function of 177Lu activity in the FOV is shown in Figure 5B.
Without a shield, the RSD increases with increasing 177Lu activity.
In the absence of 177Lu, RSD increases from 9% without shielding
to 13%–15% with the shields in place. This small increase in noise
is expected because of the attenuation of counts in the shields and
results in a slight reduction in image quality and increasing vari-
ance of a quantitative measurement. However, the presence of the
shields results in an RSD that is relatively constant within the
range of 177Lu activities investigated (11%–18%).
The normalized sum of 18F image counts in the cylindric VOI is

presented in Figure 5C. Without shields and with increasing 177Lu
activity present, the system lost the ability to reproduce a constant
number of image counts in the VOI, but once the shielding was
added, repeated measurements over the range of 177Lu activity
tested were able to reproduce the image counts, thereby again
demonstrating the possibility to perform quantitative studies over
a range of 177Lu activities present in the FOV.

Mouse 18F-FDG imaging

Figure 6 shows maximum-intensity projections from a mouse
injected with 790 kBq of 18F-FDG and repeatedly imaged 1 h after
injection. Figure 6A with no shielding or 177Lu activity added
shows only 18F-FDG uptake. Expected uptake in heart, kidney,
and subcutaneous tumor in the right shoulder area was observed.
In Figure 6B, 120 MBq of 177Lu activity in a sphere phantom was
taped to the animal’s right flank. As can be seen in this image, the
18F-FDG distribution is completely distorted in the presence of
177Lu. In Figure 6C, 4 mm of Rose metal shielding was placed
around the mouse and the 177Lu phantom. The 18F-FDG distribu-
tion in the mouse when imaged with the Rose metal shields is
now restored and comparable to the image in 6A. With the shield-
ing in place, the 18F-FDG uptake in the subcutaneous tumor
on the shoulder and the heart and kidneys was again clearly
distinguishable.

Monte Carlo Simulation of PET System and Shielding

The energy deposited in the bismuth germanate detectors by a
18F point source inside a 177Lu-filled water phantom was simu-
lated with the GATE 8.0 Monte Carlo simulation toolkit. Without
the shield, the rate of energy deposition interactions from the 10-
MBq 177Lu phantom and 100-kBq 18F point source (including

FIGURE 5. Results from 790-kBq 18F in uniform phantom imaged with

0- to 120-MBq 177Lu in spheric phantom and 0-, 2-, 3-, and 4-mm Rose

metal shields surrounding activity. (A) Axial projections at centrum of

uniform phantom filled with 790 kBq of 18F together with 0, 40, 80,

and 100 MBq of 177Lu. In final image, 2-mm Rose shield was added.

(B) RSD of image counts measured with cylindric VOI inside 18F-filled

phantom. (C) Normalized sum of image counts detected in cylinder VOI

in 18F phantom. Mean and SD for 0- to 120-MBq measurements with

shields are presented.

FIGURE 6. Maximum-intensity projections of mouse injected with 790

kBq of 18F-FDG and imaged in regular setup (A), with 120 MBq of 177Lu

in spheric phantom taped to flank (B), and with 4-mm Rose metal shield

surrounding mouse and 177Lu phantom (C).
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secondary scattered events) was 3.87 · 107 per second. Of these,
3.73 · 107 per second originated from the 177Lu and 0.14 · 107

per second from 18F. Adding a 4-mm Rose metal shield lowered
the rate of interactions to 4.22 · 106 per second, and the inter-
actions originating from 177Lu and 18F were reduced to 3.42 ·
106 (9.2%) and 0.81 · 106 (57.9%), respectively. Figure 7A is a
histogram of these photon interactions of energy deposition in
the PET detectors. The low-energy interactions (,511 keV)
dominate, explaining the dead-time losses seen in Figures 3 and
4C, where radionuclides emitting low-energy photons contributed
high photon flux interacting in the detectors. In Figure 7B, interac-
tions from the simulation run with a 4-mm Rose metal shield sur-
rounding the phantom are shown. The low-energy interactions from
177Lu are reduced to 9.2%, but the shield still allows 57.9% of the
annihilation photons from the 18F source to be detected.
The digitizer model showed good agreement with measured

single and coincidence count rates (Supplemental Figs. 1A and
1B). Simulating increasing 177Lu activity present in the phantom
volume continuously lowered the prompt coincidence rates for
both the wide (150–650 keV) and the narrow (350–650 keV)
energy windows (Supplemental Fig. 1C). The random coincidence
rate was significantly reduced using the narrow window. The de-
crease in prompt rate with increased 177Lu activity is still ob-
served, as this is due to dead-time losses at high count rates.
Simulating a 3-mm Rose shield around the phantom showed that
the prompt coincidence rate was less affected by increasing 177Lu
activity for both energy windows.

DISCUSSION

In recent years, new models of small preclinical PET cameras
have been introduced on the market. These systems can be
influential in the development of new RNTs, offering an in vivo
opportunity to follow treatment effect in tumor models. The
sensitivity to overall system dead-time losses will be a problem in
small preclinical systems, which often excel in high sensitivity
(21). Fortunately, with shielding, the system’s high sensitivity is
also a helpful factor when the signal from the PET tracer, inevi-
tably reduced by the shield, still can be successfully detected
as shown in this study. Also, injected PET tracer activity could
potentially be increased to compensate for the signal loss. The
attenuation of annihilation photons in the shields will also result
in an increase in scattered photons, which may affect quantifica-
tion. A narrow energy window could compensate.

The addition of 177Lu activities relevant in preclinical RNT (27)
reduced the spatial resolution as seen in Figure 4A, increased the
noise, and obscured the images beyond the point at which they
could contribute useful and quantifiable information, as shown
in Figures 5C and 6B. The shields produced a consistent image
resolution that was unaffected by the 177Lu activity interval tested.
The detected activity in uniform volumes of 18F remained constant
within the investigated activity range of 177Lu activities in the FOV
(Figs. 4C and 5B). The use of the shields would therefore allow
quantitative imaging and longitudinal studies. The reduction in sen-
sitivity could be compensated by increasing the acquisition time.
The simulated effects of the shields are presented in Figure 7.

Rose metal attenuates the photons from 177Lu to a higher degree
than the 511-keV annihilation photons. Reducing detected events
from 177Lu g-emissions lowers the total detector interaction count
rate and reduces dead-time losses of true annihilation photon
events. Simulations also showed how count losses due to high
count rates could not be compensated for using a narrow energy
window (Supplemental Fig. 1C). However, for systems tolerating
higher count rates or with lower sensitivity, the use of a narrow
energy window can be a component in optimization for intrather-
apeutic PET.
Despite the slight loss of image quality, PET imaging during

RNT with shielding can provide clear images of a PET tracer in
vivo, as shown in Figure 6C, and makes quantitative measures
possible. Our proposed solution makes RNT intratherapeutic
PET imaging a promising, easy, and inexpensive method to over-
come the deteriorating effect.

CONCLUSION

Performing preclinical PET imaging during RNT can lead to
loss of image quality and distorted quantitative measurements.
Shielding makes intratherapeutic PET imaging possible, even with
highly sensitive preclinical block detector PET systems. If the effects
of a therapeutic radionuclide present in the animal are not accounted
for, quantitative studies can underestimate the uptake of a PET tracer
because of count losses at high detector dead time. For longitudinal
studies of animal models undergoing RNT, this will distort data of
activity uptake as the therapeutic radionuclide decays over time.
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