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Abstract
Objective. To investigate different dosimetric aspects of 90Y-IsoPet™ intratumoral therapy in canine
soft tissue sarcomas, model the spatial spread of the gel post-injection, evaluate absorbed dose to
clinical target volumes, and assess dose distributions and treatment efficacy. Approach. Six canine
cases treated with 90Y-IsoPet™ for soft tissue sarcoma at the Veterinary Health Center, University of
Missouri are analyzed in this retrospective study. The dogs received intratumoral IsoPet™
injections, following a grid pattern to achieve a near-uniform dose distribution in the clinical
target volume. Two dosimetry methods were performed retrospectively using the Monte Carlo
toolkit OpenTOPAS: imaging-based dosimetry obtained from post-injection PET/CT scans, and
stylized phantom-based dosimetry modeled from the planned injection points to the gross tumor
volume. For the latter, a Gaussian parameter with variable sigma was introduced to reflect the
spatial spread of IsoPet™. The two methods were compared using dose-volume histograms
(DVHs) and dose homogeneity, allowing an approximation of the closest sigma for the spatial
spread of the gel post-injection. In addition, we compared Monte Carlo-based dosimetry with
voxel S-value (VSV)-based dosimetry to investigate the dosimetric differences.Main results.
Imaging-based dosimetry showed differences between Monte Carlo and VSV calculations in tumor
high-density areas with higher self-absorption. Stylized phantom-based dosimetry indicated a
more homogeneous target dose with increasing sigma. The sigma approximation of the
90Y-IsoPet™ post-injection gel spread resulted in a median sigma of approximately 0.44 mm across
all cases to reproduce the dose heterogeneity observed in Monte Carlo calculations. Significance.
The results indicate that dose modeling based on planned injection points can serve as a first-order
approximation for the delivered dose in 90Y-IsoPet™ therapy for canine soft tissue sarcomas. The
dosimetry evaluation highlights the non-uniformity of absorbed doses despite the gel spread,
emphasizing the importance of considering tumor dose heterogeneity in treatment evaluation. Our
findings suggest that using Monte Carlo for dose calculation seems more suitable for this type of
tumor where high-density areas might play an important role in dosimetry.

1. Introduction

Soft tissue sarcomas are tumors that arise from mesenchymal tissues, which means they can emerge from any
anatomical site. In dogs, they most commonly occur in subcutaneous areas (Dennis et al 2010). As in
humans, surgery is the primary treatment choice (Bray 2016, Hoefkens et al 2016). However, planning clear
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margins is not always possible due to the invasive nature of the tumor. In fact, there are currently no
diagnostic methods able to predict reliably the margins required. Adjuvant therapies like radiotherapy or
chemotherapy have been used to maximize the benefit of surgical procedures (Bray 2016, Hoefkens et al
2016). Radiotherapy in combination with surgery has demonstrated shrinkage of resection margins without
compromising patient outcomes (DeLaney et al 2005, Miller et al 2014). Aiming at improving the
therapeutic index of radiotherapy, brachytherapy modalities have the potential to enhance the local dose to
osteosarcoma tumors while limiting normal tissue exposures (Fisher et al 2020).

IsoPet™ therapy is a type of brachytherapy involving the intratumoral injection of 90Y-phosphate (YPO4)
mixed within a liquid polymer solution (room temperature) that solidifies (gels) at body temperature (Fisher
et al 2020). It provides a constrained yttrium-90 (90Y) source for highly localized radiotherapy with minimal
exposure to the surrounding healthy tissue. The mechanism of IsoPet™ is intended to concentrate radiation
in the tumor in a direct and controlled way. 90Y emits beta particles with a penetration range of 11 mm with
an average range of 2.5 mm. While current standard of care radiation therapy for soft tissue sarcomas is
typically performed using external beam radiotherapy (Withrow 2007, Bray 2016), the highly localized
IsoPet™ therapy may improve normal tissue sparing and therefore reduce the risk of potential
radiation-induced toxicities.

Dosimetry plays a crucial role in the safe and effective delivery of radiation therapy. The absorbed dose
has been shown to strongly correlate with tumor control and toxicity induction in all cancer treatments
involving the use of ionizing radiation (Bentzen et al 2010, Chansanti et al 2017, Garin et al 2020). In the case
of IsoPet™, the distribution of 90Y radionuclides can vary locally, potentially affecting how tumors respond
to a given absorbed dose, i.e. the average energy imparted per unit mass in the tumor. A comprehensive
dosimetric analysis can provide insights into this spatial distribution, dose deposition patterns, and
potentially guide tailoring of clinical treatment plans, optimizing prescription, and administration.

While IsoPet™ has shown promise in animal studies regarding safety (Fisher et al 2018, Fisher 2021) and
therapeutic response (Fisher et al 2020), dosimetric studies to analyze potential ways of optimization are still
limited. Cantley and colleagues studied the application of IsoPet™ to ocular melanoma using Monte Carlo
methods to elucidate whether 90Y beta emissions may result in unacceptable doses in critical ocular
structures, showing potentially toxicity-eliciting doses for large tumors located at posterior areas of the eye
(Cantley et al 2017). However, this study considered uniform distributions of 90Y in the melanoma volumes,
disregarding how the polymer solution distributes after solidification. Fisher and colleagues provided
PET-CT-based dosimetry as an initial insight for a canine trial conducted at the University of Missouri. Yet,
deeper dosimetric analyses are encouraged (Fisher et al 2020).

The present study focuses on extended dosimetric considerations associated with 90Y-IsoPet™
intratumoral therapy in six canine cases treated at the Veterinary Health Center at the University of Missouri.
We apply Monte Carlo calculations and a dosimetric analysis to investigate the spatial distribution of the gel
post-injection, validating the dose prescription procedures and comparing results to the available
information from PET-CT scans acquired after treatment administration. This study aimed to lay the
groundwork for optimizing treatment planning designs to enhance therapeutic outcomes for both pets and,
eventually, translation to solid tumors in humans.

2. Materials andmethods

2.1. Patient population
Six dogs with naturally occurring soft tissue sarcomas were prospectively enrolled in a pilot study at the
University of Missouri Veterinary Health Center. The dogs were diagnosed with naturally occurring,
cytologically or histologically confirmed soft tissue sarcoma that were accessible for intralesional 90Y-IsoPet™
administration. Dogs of any age, breed, or sex were included, provided they weighed more than 5 kg, had
gross disease, and the tumor was superficial and accessible to brachytherapy. Dogs with significant
comorbidities that could complicate anesthesia or hospitalization (i.e. cardiac, renal, or hepatic insufficiency)
were excluded, as well as dogs that had received chemotherapy within three weeks prior to treatment.
Additional details for each individual dog are summarized in table 1.

2.2. Injection procedure and treatment planning
The injection procedure was described previously (Fisher et al 2020). First, the canine patients were
anesthetized. The tumor surfaces were disinfected and marked with a regular and parallel two-dimensional
(2D) grid pattern for all the intratumoral injections, facilitating the placement of IsoPet™ uniformly within
the tumor. Intended, or prescribed doses, were aimed to be delivered uniformly to the tumors, and the
positions of the needles were determined accordingly. Each injection was administered using a continuous
flow as the needle was withdrawn from the farthest point within the tumor to a point directly opposite. The

2



Phys. Med. Biol. 69 (2024) 165014 M Bobíc et al

Table 1. Canine patient population.

Clinical Description and Outcome

Canine
patient Signalment Tumor dimensions

Activity
planned
(MBq)

Prescribed
mean tumor
dose (Gy)

Maximal
response Final status

Patient 1 10 year-old male Shetland
sheepdog; Soft tissue
sarcoma of the caudal right
thigh

5.1× 5.6× 4.0 cm3 435.06 300 Complete
response

Progressive
disease60.6 ml GTV

Patient 2 11 year-old male Shetland
sheepdog; Soft tissue
sarcoma of the caudal right
thigh

5.1× 5.6× 4.0 cm3 710.25 255 N/A N/A
95.0 ml GTV

Patient 3 10 year-old spayed female
Labrador mix; Soft tissue
sarcoma on the medial
aspect of the right pelvic
limb

60× 32× 28 cm3 170.46 300 Progressive
disease

Progressive
disease55.4 ml GTV

Patient 4 12 year-old spayed female
mixed breed; Soft tissue
sarcoma on the right tarsus

11.2 cm longest
diameter

1225 200 Stable disease Stable disease

468.8 ml GTV

Patient 5 9 year-old male castrated
Miniature Pinscher; Soft
tissue sarcoma on the right
carpus

1.7 cm longest
diameter

11.1 300 Complete
response

Complete
response

0.68 mL GTV

Patient 6 8 year-old male castrated
Shih Tzu; Soft tissue
sarcoma on the left lateral
shoulder

5× 4.2× 3.5 cm3 370 300 Progressive
disease

Progressive
disease135.9 ml GTV

Table 2. Treatment prescription characteristics for all canine patients. The injection points are split into groups based on the planned
activity per injection.

Dosage/Injections

Canine
patient

Prescribed
mean tumor
dose (Gy)

Injection
points group

Spacing
(mm)

Volume
(ml)

Number of
injections

Activity planned
(MBq)/injection

Total activity
planned (MBq)

Patient 1 300 #1 4 0.12 31 6.99 435.06
#2 4 0.15 21 8.73
#3 N/A 0.05 12 2.92

Patient 2 255 #1 5 0.2 75 9.47 710.25

Patient 3 300 #1 5 0.2 18 9.47 170.46

Patient 4 200 #1 6 0.2 70 7 1225
#2 6 0.3 70 10.5

Patient 5 300 #1 4 0.06 3 3.33 11.1
#2 4 0.02 1 1.11

Patient 6 300 #1 5 0.2 40 9.25 370

administration involved creating activity-specific parallel columns of 20–150 µl, spaced at intervals of
4–6 mm. To achieve the prescribed mean tumor dose, ranging between 200 to 300 Gy, different planned
activities were injected (from 11.1 to 1225 MBq). Table 2 shows treatment prescription characteristics,
including the planned injection points, for all canine patients.
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Figure 1. Hand-drawn injection points and corresponding retrospective stylized phantom-based OpenTOPAS simulations. For
the dose distributions shown in this figure, the sigma characterizing the spatial spread of IsoPet™ has been set to 0.0 mm,
highlighting the comparison with the injection points. Each of these points represents a column source along the elliptical cylinder
representing the GTV. A schematic of the OpenTOPAS simulation setup is shown in figure S1 in the supplementary material.

2.3. Stylized phantom-based dosimetry and spatial extension of 90Y-IsoPet™
We performed a retrospective dosimetric evaluation based on the clinical prescription 2D diagrams
mentioned above. Using the drawn diagrams and specifications of IsoPet™ injection points, we transferred
the points to a grid pattern and placed injections uniformly at the vertices using OpenTOPAS, as shown in
figure 1. Each of these injection points represents a column source in OpenTOPAS, resulting in a
cylindrically spreading dose distribution for each injection and contributing to the total dose. We then fitted
the face of an elliptical cylinder around the points and chose the length to reach the distal end of the
contoured gross tumor volume (GTV). The resulting length of this elliptical cylinder was also used to
determine the length of each column source. A schematic is provided in figure S1 in the supplementary
material. Each injection point was assigned a relative activity value of 90Y, with some cases featuring multiple
injection values. These values were scaled to the true activity by multiplying the simulated activity by a scalar.

To model IsoPet™ seeping into the tumor, we introduced a Gaussian parameter of variable standard
deviation represented by sigma. For each tumor, we ran simulations with sigma values ranging from 0mm up
to the half-length between grid points, i.e. 2 mm for a 4 mm grid, at one-half mm intervals. To score the dose
in the tumor under the conditions of electronic equilibrium, we created a scorer comprised of a square sheet
of voxels fit to the largest half-length of each ellipse and placed it at the midpoint of the cylindrical tumor.

2.4. PET/CT scans andMonte Carlo imaging-based dosimetry
PET/CT scans (Celesteion pureVision, Canon Medical, Tustin, CA) were taken immediately after injection at
the Small Animal Hospital of the University of Missouri for all canine patients to perform image-based
dosimetry. The shape of the field of view was cylindrical, with variable reconstruction diameters based on the
patient characteristics, ranging from 240 mm to 550 mm× 196 mm. For the PET scans, voxel sizes ranged
from 2.04× 2.04× 2.04 mm3 to 4.08× 4.08× 4.08 mm3. The PET signal was reconstructed using the
3D-OSEMmethod, including attenuation, scattering, normalization, random, detector dead time, and decay
corrections (Bryan et al 2020). No partial volume corrections were applied. The resulting PET voxel values
were quantified in Bq ml−1. For the CT, the pixel spacing ranged from 0.47× 0.47 mm2 to 1.08× 1.08 mm2

with a slice thickness of 3 mm in all cases.
We employed an adapted version of OpenTOPAS 3.8 to calculate Monte Carlo voxel-based dosimetry

(Bertolet et al 2021). Using the PET scans, we generated distributed sources in OpenTOPAS to simulate 90Y
emissions according to the radioactive decay data from Geant4 (Hauf et al 2013), version 10.7.p3. For each
new history, a voxel from the PET was selected with probability proportional to the number of counts in the
PET scan. A random origin position was selected within the voxel. We then transported the β particles and
subsequent x-rays generated in the 90Y decays using the standard physics list for electromagnetic processes in

4



Phys. Med. Biol. 69 (2024) 165014 M Bobíc et al

Geant4 (Ivanchenko et al 2019). The absorbed dose to water was calculated on the CT grid after 107

simulated decays using the method proposed by Schneider et al (2000) to transform Hounsfield Units into
materials for the OpenTOPAS simulation. To determine the statistical uncertainty in our Monte Carlo dose
calculation, we calculated the coefficient of variation (CV) in all voxels for each dog.

As a reference to compare with Monte Carlo, we implemented a voxel S-value (VSV) algorithm according
to the medical internal radiation dose (MIRD) formalism for analytical voxel-based dosimetry. The rationale
for its use in IsoPetTM therapy was described elsewhere (Fisher et al 2020). For this method, we used our
open-source code MIRDCalculator v2.4, available publicly at github.com/mghro/MIRDCalculator and
published previously for yttrium-90 radioembolization (Bertolet et al 2021). For each patient, we compared
both methodologies primarily based on dose-volume histograms (DVHs), by using the anatomical structures
of interest delineated by a qualified veterinarian (Fisher et al 2020).

2.5. Sigma approximation to correlate gel extension withMonte Carlo-based dosimetry
For the stylized phantom-based dosimetry, the DVHs were calculated for the modeled elliptical cylinder
representing the GTV. For each canine patient, this resulted in five different DVHs—one for each sigma value
representing different spatial spreads of 90Y-IsoPet™.

To approximate the closest sigma representative of all cases, we performed a dose homogeneity
comparison between the stylized phantom and Monte Carlo dosimetry methods. For this purpose, we define
the homogeneity index as HI= (D10%–D90%)/Dp, where D10% and D90% are the minimum doses to 10% and
90% of the target volume, respectively, and Dp is the prescription (Kataria et al 2012). The choice of this
metric over values typically used in external beam radiotherapy (e.g. D5% and D95%), is based on the linear
part of the DVH, excluding the much more pronounced cold and hot spots in internal radiotherapy.
Choosing these values provides a more central quantification of the dose distribution, focusing on the core of
the tumor rather than its periphery, which was the goal pursued in the injection procedure designed. To
avoid bias due to the difference in absolute measured dose between the two methods, we normalized the
DVHs to the same mean dose in the target volume. The 0∆HI was then calculated for each sigma between
the prescription-based dose and the imaging-based dose, allowing a 2nd order spline interpolation over the
entire sigma range to determine the theoretical minimum∆HI for each dog.

3. Results

3.1. Stylized phantom-based dosimetry and sigma variation
Figure 2 illustrates the stylized phantom-based dosimetry for one of the six dogs (patient 2). 2D heat maps
show the simulated dose distributions on the axial slices through the tumor volume. The initial injection
pattern (as seen in figure 1 for sigma= 0.0 mm) becomes more homogeneous as the gel spreads out from the
injection sites (increasing sigma) resulting in a more homogeneous dose distribution. Differential DVHs for
each sigma value are shown below their corresponding dose maps. Finally, cumulative DVHs of all simulated
doses are shown on the right, indicating a gradual increase in dose homogeneity with increasing sigma,
approaching saturation.

3.2. Monte Carlo imaging-based dosimetry
Figure 3 summarizes all Monte Carlo simulated results for the imaging-based dosimetry, i.e. dose
distributions calculated from the PET-measured activity. CT scans (sagittal/coronal and axial slices) are
shown for all six canine patients, with the simulated dose distributions superimposed on the scans. The dose
color bars are set from D90% to D2% of each tumor DVH, with dose values below D90% not shown to
consistently display the dose mostly within the tumor contour. The cumulative DVHs for all delineated
structures are shown on the right, next to the corresponding dose distributions. In addition, the reference
DVH calculated based on the MIRD formalism for the tumor is plotted (black dashed line) to compare the
Monte Carlo calculation with the analytical reference.

We found agreement between the two methods, with the largest discrepancy observed for patient 5.
However, this case involved the smallest tumor volume in the patient cohort (0.68 ml), making direct DVH
comparisons more sensitive to differences in tumor size. In addition, we observed tissue density
heterogeneities in the tumor volume for this case which may further increase the discrepancies between
Monte Carlo calculation and the analytical reference. These heterogeneities are shown in figure S3 in the
supplementary material. In addition, the lack of partial volume corrections may have a large impact on
image-based uncertainties for small tumor volumes, potentially leading to deviations from the prescribed
mean tumor dose in table 1.

Regarding the statistical uncertainty associated with our Monte Carlo simulations, the CV corresponding
to the maximum dose (Dmax) in the tumor volume for all patients ranged from 1.5% to 2.3%, except for
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Figure 2. Prescription-based dosimetry of patient 2, showing the impact of varying sigma on the simulated dose distribution. On
the left, axial slices of the simulated dose along the elliptical cylinder are shown for each sigma (from 0.0 to 2.0 mm in 0.5 mm
steps), along with the corresponding differential DVHs. On the right, the resulting cumulative DVHs are shown for all sigma
values.

patient 5, whose CV was 10% with an absolute error of 2 Gy. For all other voxels, the CV scales roughly with√
Dmax/D, where D is the dose value to the specific voxel.

3.3. Sigma approximation for 90Y-IsoPet™modeling
Figure 4 shows the sigma approximation for the spatial spread of 90Y-IsoPet™. The approximation involved
calculating the absolute difference in HI between two dosimetry methods: stylized phantom-based and
Monte Carlo imaging-based. For all simulated sigma values, data points representing∆HI are indicated by
square markers. The dashed lines show the 2nd order spline interpolation along the x-axis (i.e. sigma) used
to determine the theoretical minimum∆HI for each case. The resulting minima are indicated by red
triangles. We found that the approximated minimum∆HI ranged from 0.35 mm to 0.52 mm. Summarizing
the six data points into a boxplot (shown at the bottom of the figure) yields a median sigma of approximately
0.44 mm with a standard deviation of 0.05 mm.

4. Discussion

This study adds new insights into the understanding of IsoPet™ therapy, which we expect to be transferable
to the RadioGel™ for human patients. This is the second dosimetry study published on IsoPet TM. Our
approach includes Monte Carlo simulations to provide a more detailed dose calculation, which can be of
particular relevance when dealing with soft tissue sarcoma, as tissue density plays a major role in the
calculation of dose in radiation therapy (Andreo 2018). Additionally, we studied the dosimetric impact of the
spread-out of the gel after its injection and solidification. These simulations offer a new direction to be
explored in the dosimetric analysis of this type of therapy.

Dose prescription for IsoPet™ and RadioGel™ therapy is typically reported in terms of mean tumor dose
(Fisher et al 2020). However, the same mean tumor dose might be achieved through different injection
patterns. Analyzing the non-uniformity pattern in the dose distribution is crucial to understanding the
radiobiological impact and patient outcome (Pasciak et al 2016, 2019). In this study, we analyzed the dose
heterogeneity based on the potential spreading of the gel within the tumor based on 2D diagram patterns
used in the clinic. Assuming a Gaussian distribution in each injection point, different sigma values lead to
specific dose uniformity. We propose to use the homogeneity index (HI) to evaluate the uniformity of the
dose distribution in the core of the target volume (Kataria et al 2012). The correlation between∆HI and
sigma (figure 4) implies that the gel does not remain static once injected but tends to spread around its
injection site and then solidify. This fact provides insights into design-specific injection patterns that might
optimize IsoPet™ treatments, potentially leading to better outcomes. Here, the main limitation of our
approach is that the initially hand-drawn injection diagrams determine the definition of the elliptical
cylinder representing the GTV (as seen in figure 1), while in reality, the outermost injection points may have
been slightly outside of the actual GTV.

Dosimetric evaluations to determine∆HI were performed to compare the planned diagram pattern (2D
approach) with the PET image post-injection (3D approach), resulting in considerable uncertainties in
extracting firm conclusions. As described in the Materials and Methods section, the PET quantification
included different corrections to account for attenuation, scattering, normalization, random errors, detector
dead time, and decay, following the methodology described elsewhere (Bryan et al 2020). Despite these
corrections, the low yield of positron emissions by 90Y unavoidably translated into poor signal-to-noise
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Figure 3. Imaging-based dosimetry for all six canine patients. On the left, Monte Carlo simulated dose distributions are
superimposed on the sagittal/coronal CT slices, as well as on the axial slices within the dashed white windows. Double-sided
yellow arrows indicate the scale bars. On the right, the corresponding DVHs are shown for all delineated structures of each
patient. In addition to the Monte Carlo DVHs, the analytical reference DVHs (VSV dosimetry using the MIRD formalism) for the
tumor is represented by the black dashed plot, highlighting the differences between Monte Carlo and analytical dose calculations.

ratios in the PET image, which arguably contributed the most to the overall dose uncertainty. In addition, we
expect larger image-based uncertainties in our results for small objects (i.e. patient 5) due to the lack of
partial volume corrections. For the 2D approach, we assumed that the volume activity injections were
straight rigid cylinders perfused uniformly over the tumor along an arbitrary 2D spatial plane. In reality,
needle insertions are generally not perfectly straight, and this deviation from our model may result in

7



Phys. Med. Biol. 69 (2024) 165014 M Bobíc et al

Figure 4. Sigma approximation for the spread of 90Y-IsoPet™. The absolute difference between the HI for both dosimetry
methods (stylized phantom-based Monte Carlo and imaging-based Monte Carlo) is calculated for each sigma value. The square
markers indicate each∆HI data point, while the dashed lines indicate the 2nd order spline interpolation along different sigma
values for each case. Using the spline interpolation, a minimum∆HI is calculated and indicated by the red triangles. Finally, the
horizontal boxplot at the bottom is composed of the six calculated minima. It includes the median, the 1st and 3rd quartiles (25th
and 75th percentiles) represented by the lower/upper hinges, and the lower/upper whiskers extending from the corresponding
hinges to the minima/maxima.

deviations of the actual delivered dose distribution from the simulated one. Furthermore, the choice of an
elliptic cylinder to represent the GTV is a first-order approximation impacting the resulting DVHs. Finally,
we modeled the spread of the gel according to a Gaussian distribution for each injection point, which may be
an oversimplification when dealing with a complex tumor vasculature.

Several potential future studies could be undertaken to improve dosimetric methods in IsoPet and
RadioGel™ therapy. First, treatment planning systems integrated with Monte Carlo calculations will lead to
optimizing and personalizing each treatment three-dimensionally, as opposed to the 2D-based prescriptions
employed so far. These deviations can be observed by comparing the image-based doses (3D) with the
prescribed doses (done over 2D projections). Furthermore, partial volume corrections should be
implemented to reduce image-based uncertainties, especially in the case of small tumors.

Imaging-based dosimetry should be the method of choice to prevent large discrepancies between
intended and delivered doses. For this one could envision an approach comparable to 3D treatment planning
used in brachytherapy (Cunha et al 2020). The 3D tumor and injection grid information will be useful to
evaluate possible deviations in the injection trajectories and their role in the gel spread effect and dose
distribution uniformity. Exploring the effects of radionuclides with different ranges, half-life, and even other
emissions in IsoPet and RadioGel™ could also yield valuable insights, potentially enhancing the efficacy of
the treatment. Nonetheless, studying the effect on the response of the spatial non-uniformities in the dose
distribution in a larger population is a clear next step, as that would benefit not only this therapy but also
other brachytherapy or radiopharmaceutical therapies. This will include investigating specific dosimetric
indicators that might correlate with the clinical outcome and use them for treatment planning and
optimization. This may be especially relevant when dealing with heterogeneous tumor environments and to
explore potential combinations or compensations between different radiation-based modalities.

5. Conclusions

We investigated the dosimetry of 90Y-IsoPet™ intratumoral therapy in canine patients. Non-uniform
absorbed doses were observed despite the spatial spread of the gel after injection, for which we estimate the
median spread to be approximately 0.44 mm, resulting in heterogeneous dose distributions within the
tumor. These results are consistent with Monte Carlo simulated dose distributions based on PET/CT
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imaging. Further studies are needed to incorporate three-dimensional information into dose prescription
planning and to study the effect of different physical properties of the radionuclides.
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