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Abstract: At a time of increasing evidence for dose-effect relationships in radioembolization (RE)
with 90Y-microspheres, the general consensus is that there is an urgent need for accurate treatment
planning and dose assessment in patients undergoing RE treatment. This work aimed at assessing
the usefulness of 99mTc macroaggregated albumin (MAA) SPECT/CT imaging for personalized
provisional RE dosimetry considering a 3D-printed patientlike phantom (AdboMan phantom). A
homemade tool was developed in MATLAB for image analysis and absorbed dose calculation. Two
dose calculaton methods were implemented and used to calculate dose volume histograms: (I) dose
kernel method and (II) local energy deposition method. The accuracy of the two different dosimetric
methods was evaluated by means of 3D γ-index (1%–1 mm and 2%–2 mm) implemented in the tool.
Differences between the two dose calculation methods using the 3D γ-index are within 1%–1 mm
and 2%–2 mm for all AbdoMan inserts, with a passing rate of 99.9% and 100%, respectively, proving
a good agreement between the two calculation methods. The present study supports the use of
99mTc-MAA SPECT acquisition for provisional dosimetry along with the local energy deposition
method to convert reconstructed SPECT data into absorbed dose maps. As long as 99mTc-MAA
SPECT acquisitions are performed on liver lesions larger than 40 mm, the absorbed dose computed
by means of the local energy deposition method can lead to results in line with those obtained by
Monte Carlo calculations.

Keywords: dosimetry; molecular radiotherapy; diagnostic imaging; radioembolization

1. Introduction

Nowadays, liver cancer still represents a global disease burden due to its extremely
aggressive nature and poor survival rate, remaining an important public health issue
worldwide [1–3]. Radioembolization (RE) with Yttrium-90 labelled glass or resin mi-
crospheres (90Y-µs) is a well-established therapeutic modality for treating unresectable,
chemo-refractary primary and secondary liver malignancies [4,5]. Patients with liver dis-
ease usually have multiple areas of metastatic spread that make difficult defining the tumor
and normal parenchymal compartments [6].

The main advantage of RE with 90Y-µs is the fact that the radio-labelled particles
are injected directly into the target area leading to tumor cells death with the attempt of
sparing normal parenchyma. However, microspheres can be transported into the vascular
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territory of the gastrointestinal organs, resulting in severe damage in up to 5% of RE
cases [7]. Thus, this treatment requires accurate planning to ensure a good therapeutic
response along with as few side effects as possible [8,9]. Along these lines, the absorbed
dose to the tumor and to the normal liver tissue should be evaluated prior to commencing
therapy [10,11]. In fact, an individualized dosimetry-based treatment planning is expected
to significantly improve the clinical efficacy and cost-effectiveness [12,13]. Response to
treatment is no doubt strongly related to the delivered dose distribution and target volume
but also on cellular radio-sensitivity and in particular on the amount of hypoxic areas [14].
The current European legislation (EC directive 2013/59 [15]) and the requirement of the US
FDA for dosimetry for new radiotherapeutics has also driven a resurgence in a field that
has clinically been considered unnecessary, impractical and is often poorly understood.

In the clinical practice, dosimetric studies are generally performed using pre-treatment
Tecnethium-99m-macroaggregated albumin (99mTc-MAA) images, potentially useful for
determining the 90Y microspheres activity to be administered. Indeed, pre-treatment
angiographic evaluation combined with 99mTc-MAA is required in order to assess the
vascular anatomy of the target lesions and normal liver. Given the similarities in sizes of
90Y microspheres (20 to 40 µm) and 99mTc-MAA (10 to 50 µm, average particle size 35 µm),
the pattern of 99mTc-MAA deposition is assumed to be representative of the micropshere
biodistribution during 90Y-RE. When used in conjunction with dosimetric models, 99mTc-
MAA biodistribution images provide absorbed doses estimates in tumor lesions and normal
liver parenchyma. In fact, absorbed doses can be mathematically determined by converting
quantitative 99mTc-MAA SPECT data to the absolute 90Y activity maps. These maps, in
turn, can be converted to absorbed doses using the available dose calculation algorithms
(e.g., MIRD [16], partition [13], kernel convolution [17] or local energy deposition [17–19]
models).

Even if the computational improvements of quantitative software related to SPECT im-
age reconstruction process have been adopted, one of the principal limitations of SPECT/CT
acquisition is its resolution, and consequently the correctness of dosimetric evaluations that
can be obtained. 90Y-PET/CT represents the best choice for accurate patient-specific post-
treatment dosimetry purposes, thanks to its superior resolution than SPECT/CT system
and to the 90Y decay characteristics.

At present,the predictive value of 99mTc-MAA SPECT based dosimetry is still subject
of debate in the scientific literature [20]. Of note, recent research reported patient pop-
ulation tumor dose constraints [21] providing support that dose-volume histograms in
90Y SIRT could play a role in evaluative dosimetry. Against this backdrop, the aim of
this study is to develop an approach for personalized RE treatment planning based on
99mTc-MAA SPECT/CT acquisition of a 3D printed patient-like phantom (AbdoMan, de-
veloped by [22]). In particular, our study investigates the feasibility of using 99mTc-MAA
SPECT/CT system (provided with XSPECT tool for reconstruction) for provisional RE
dosimetry in clinical contest, comparing our results with data from Gear et al. [22]. All
acquisitions and absorbed dose calculations were performed at the IRCCS Regina Elena
National Cancer Institute, (Rome, Italy).

2. Materials and Methods

Activity measurements were performed using a well-type radionuclide calibrator
available in our institute and traceable to the Italian National Institute of Ionizing
Radiation Metrology for the geometry being measured (accuracy within ±5% at k = 2
level, as recommended by AAPM report 181 [23]). The final relative standard uncertainity
on activity quantification was assessed using the approach proposed by D’Arienzo and
Cox (Figure 1) [24].
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Figure 1. AbdoMan 3D printed phantom used in this study. (a) the phantom is provided with a
fillable liver compartment containing three spherical inserts: two spherical and homogeneous inserts
of 20 mm and 40 mm in diameter and a 40 mm in diameter hollow sphere with 25 mm in diameter
fillable inner sphere to simulate a necrotic lesion. (b,c) phantom positioning in the SPECT/CT system
and (d) SPECT/CT image acquisition of the phantom.

The workflow of the experimental method adopted in this study is reported in
Figure 2. Data were acquired by scanning four different reference geometries, both in
air and in water as reported in [25]. In particular, a NIST traceable 57Co point source in
air (3% accuracy) of (114.7 ± 5.7) MBq at the time of acquisition was used for system
energy and sensitivity calibration. A cylindrical homogeneous phantom (Data Spectrum
Corporation, Hillsborough, USA) of 6462 mL in volume and filled with a homogeneous
99mTc concentration of 0.03 MBq/mL was used for SPECT calibration. A NEMA/IEC NU2
phantom with six spherical inserts (10, 13, 17, 22, 28 and 37 mm in diameter) filled with
a 99mTc activity concentration of (1.74 ± 0.10) MBq/mL was used for recovery coefficient
evaluation. The results obtained pertaining this investigation are reported in [26]. Finally,
in order to assess the activity accuracy of our SPECT system and to perform a bench-test
scenario related to a RE patient-like SPECT imaging acquisition, the AbdoMan anthropo-
morphic phantom [22] was used. In particular, this phantom is provided with a fillable liver
compartment (1783 ml in volume) where three spherical inserts mimicking patient lesions
are located: two spherical and homogeneous inserts of 20 mm and 40 mm in diameter and a
40 mm in diameter hollow sphere with 25 mm in diameter fillable inner sphere to simulate
a necrotic lesion. A 99mTc activity concentration of (0.103 ± 0.05) MBq/ml and (0.53 ± 0.03)
MBq/ml was used for the liver compartment and spherical lesions, respectively, providing
a liver-to-lesion concentration of 1:5 (representative of the selective RE treatments currently
performed in our institute).
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Figure 2. Flowchart of the experimental method adopted in this study.

2.1. Data Acquisition and Reconstruction

SPECT/CT imaging was performed with an hybrid dual head gamma camera (Symbia
Intevo, Siemens, Erlangen, Germany). In order to simulate clinical conditions, SPECT
images were acquired using the protocol currently adopted in our institute for provisional
dosimetry of patients undergoing RE treatments. In particular, the SPECT system was
equipped with Low Energy High Resolution (LEHR) collimators. For each scan 72 projec-
tions were acquired in step & shoot mode, with angular step of 5◦. Total angular range
was 360◦ (180◦ per detector). For each acquisition, circular orbits were performed with the
gamma camera at fixed distance from the phantom that was positioned at the center of the
field of view. The acquisition time was 30 s per projection. The matrix size was 256 × 256
with a pixel size of 2.39 mm2. A 15% energy window width was used for photopeak
emission of 99mTc at 140 keV.

Following emission tomography, a CT scan was performed for each phantom in
the axial mode using a tube voltage of 140 kV and matrix size was 512 × 512. The raw
SPECT data of the phantoms were reconstructed directly at the Symbia Intevo SPECT/CT
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workstation by means of the built-in software xSPECT from the same vendor. Ordered
Subset Expectation Maximization (OSEM) algorithm, together with attenuation and scatter
correction, were used during the SPECT image reconstruction process. In particular,
8 iterations and 4 subsets with no pre- and post-reconstruction filter were used.

2.2. Image Segmentation, Dose Calculation and Data Comparison

After SPECT/CT reconstruction of the AbdoMan phantom, images were exported in
DICOM format from the xSPECT software and imported into the MIM software (v6.1.7
Software, Inc., Cleveland, OH, USA) where volume of interest (VOI) related to the liver
compartment and spherical inserts were drawn. SPECT/CT images along with the con-
toured structures were exported in DICOM format and used as input for a home-made tool
developed in MATLAB (R2014b, Natick, MA, USA) that converted reconstructed SPECT
activity images into absorbed dose maps. Dose volume histograms (DVH) for the defined
structures were also calculated. Dose calculation was performed using both the dose-kernel
method (DKM) and the local energy deposition method (LDM). Concerning the DKM, the
MATLAB tool tool allows loading the dose kernel generated using EGSnrc Monte Carlo
code for the specific dimension of cubic voxels of investigated SPECT [27]. The convolution
algorithm implemented in the MATLAB tool allows the calculation of the absorbed dose
from 90Y by the convolution of the 3D activity concentration matrix A(x, y, z) with the 3D
dose kernel for 90Y, K(x, y, z), according to the following equation:

D(x, y, z) =
1
λ
[K(x, y, z)⊗ A(x, y, z)]

=
1
λ

∫ ∫ ∫
K(x− x′, y− y′, z− z′) · A(x′, y′, z′)dx′dy′dz′

discrete space→ 1
λ ∑

x′
∑
y′

∑
z′

[
K(x− x′, y− y′, z− z′) · A(x′, y′, z′)dx′dy′dz′

] (1)

where A(x, y, z) is the 3D activity concentration matrix obtained by product of the recon-
structed SPECT phantom data and the SPECT calibration factor, K(x, y, z) is the Monte Carlo
derived 3D dose-kernel and λ = ln(2)/T1/2 is the decay constant of 90Y. 90Y resin/glass
microspheres are a permanent implant with a relative distribution that does not change
after the infusion, having a negligible biological elimination. For the LDM, the energy
released by charged particles is assumed to be locally absorbed within the same voxel as the
decay. Moreover, the full width at half maximum of the point spread function is assumed
be larger than the dose kernel. Hence, the dose at a single voxel can be calculated from the
average energy (Eavg) released per decay of 90Y based on the probability density function
Ψ(E) for emission:

Eavg =
∫ ∞

0
E×Ψ(E)dE = 0.935 MeV = 1.498× 10−13 J (2)

In addition, the committed total energy released per unit volume, Ecom, by an initial
activity concentration A0 [MBq/mL] in a voxel can be estimated as:

Ecom = A0Eavg

∫ ∞

0
e−λ·tdt =

A0

λ
× (1.498× 10−13)(

J
mL

) (3)

Being λ the decay constant of 90Y since microspheres are a permanent implant and there
is no biological removal of the radiopharmaceutical. The energy deposited into the voxel,
Ecom can be converted into the absorbed dose, Dvoxel , using the voxel density, ρ (kg/mL):

Dvoxel =
Ecom (J/mL)
ρ (kg/mL)

(4)

Equation (4) then becomes:
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Dvoxel =
A0

λ

(1.498× 10−13)

ρ
(Gy) (5)

And ultimately [28]:

Dvoxel(Gy) = A0(
Bq
mL

)
(4.986× 10−8)(J · s)

ρ(kg/mL)
(6)

Using Equations (1) and (6), the MATLAB tool generates two dose matrixes in *.mat
format as well as in RTDOSE-DICOM format. The obtained dose matrixes have been
compared each other by means of the 3D γ-index method [29] using the 2%–2 mm, 1%–
1 mm criteria and the one obtained by means of the DKM was used as reference in the
comparison. Finally, a comparison between the DVHs obtained for the AbdoMan VOIs
and those generated using Monte Carlo simulation [22,30] (considered as reference) was
performed in order to assess pros and cons of a provisional 90Y based on 99mTc-MAA
SPECT acquisition. In particular, estimated doses and volumes of DVHs were obtained
from the plots of Gear et al. [22] using the web-based software https://automeris.io/
WebPlotDigitizer/ (accessed on 21 September 2021). DHVs were scaled to take in account
the differences in used total activity with respect to the one reported in Gear et al., while
preserving the relative activity concentrations in all the insertions.

3. Results

In Table 1 the nominal and reconstructed activity concentrations of the liver compart-
ment and spherical inserts considered in the AbdoMan phantom are reported, together
with their relative deviations. The largest difference was found for the 40 mm diameter
hollow sphere, most likely due to the intrinsic limitation in resolution of the SPECT system
and the presence of partial volume effects (PVE) which result in an underestimated dose
value (−26.4%). In fact, the 40 mm hollow sphere is provided with a 25 mm solid inner
representing the deposition of microspheres in a thin rim (i.e., 15 mm, comparable with the
SPECT spatial resolution). As the VOI’s volume exceedes the SPECT spatial resolution, the
differences between the activity concentration drops, with deviations of −3.8%, +1.9% and
+1.0% for the 20 mm, 40 mm sphere and liver compartment, respectively. As expected, the
minor underestimation (−3.8%) of the small 20 mm can be imputable to PVE. The quan-
titative accuracy is confirmed by visual inspection of the color wash dose maps reported
in Figure 3 for the 40 mm sphere (Figure 3a, cyan circle) and the 40 mm hollow sphere
(Figure 3b, red circle). Figure 3a shows a uniform dose distribution with minor blurring
at the edge of the sphere due to spill-out effects. Figure 3b shows both the 40 mm hollow
sphere and the 20 mm solid sphere. The apparent activity resulting inside the hollow
sphere in Figure 3b is due to spill-out of counts from the object edges to the sphere core.

Table 1. Comparison between nominal (Cnom) and reconstructed Crecon activity concentrations related
to the AbdoMan phantom.

Abdoman Cnom (MBq/mL) Crecon (MBq/mL) ∆(%)

20 mm sphere 0.530 0.510 −3.8%
40 mm sphere 0.530 0.540 +1.9%

40 mm hollow sphere 0.530 0.390 −26.4%
Liver compartment 0.103 0.104 +1.0%

https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/
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Figure 3. 3D dose distribution for the AbdoMan phantom visualized with MIM color wash tool for the
liver section and the 40 mm spheres (a), the 20 mm and 40 mm hollow sphere with 25 mm insert (b).

Figure 4 shows the dose maps obtained by means of the two dose calculation methods:
(a,d) DKM and (b,e) LDM at different slices of the AbdoMan phantom. In particular, the
central section of the 40 mm sphere is reported in Figure 4a,b, while the 20 mm sphere and
40 mm hollow sphere are reported in Figure 4d,e. The quantitative comparison in terms of
γ-map on the same slices considered are reported in Figure 4c,f. As shown, there are no
regions of the map where the γ-index violates the imposed criteria. In particular, the 3D
γ-index provided a passing rate of 100% and 99.9% for the criteria 2%–2 mm and 1%–1 mm,
respectively, showing that the two dose methods resulted to be equivalent.

Figure 4. The dose distributions for AbdoMan phantom reconstructed with xSPECT software using
dose kernel method (a,d) and local energy deposition method (b,e) for two different slice’s location
corresponding to the three investigated spheres. (c,f) γ-maps related to the slices considered.

In terms of dose difference between the SPECT absorbed dose obtained by means of
LDM and DKM and related to the AbdoMan inserts and liver compartment, the results
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are reported in Table 2. Our results indicate that the xSPECT software in combination
with dose kernel and local energy deposition methods is likely to provide satisfactory
results, with differences estimates within 5% (20 mm and 40 mm hollow sphere) and 10%
(40 mm sphere).

Table 2. Lesions and liver mean activity within the AbdoMan phantom obtained by means of the
LDM and DKM.

AbdoMan Dmean-LDM Dmean-KDM ∆ (%)

Liver 4 Gy 4 Gy 0%
40 mm sphere 80 Gy 87 Gy 8.7%
20 mm sphere 76 Gy 79 Gy 4%

40 mm hollow sphere 70 Gy 72 Gy 2.4%

Cumulative DVHs reported in Figure 5 were generated by means of the LDM and DKM.
Recovery coefficients for our SPECT/CT system (0.86, 0.75 and 0.92 for the 40 mm, 20 mm
and 40 mm hollow sphere, respectively) were used to account for partial volume effects [26].

Figure 5. Cumulative dose-volume histograms for the three lesions and the entire liver volume of
AbdoMan phantom using local energy deposition method (LDM, (left)) and Dose kernel method
(DKM, (right)).

For the 40 mm diameter sphere the DVH shows a slow fall-off referred to the spill-out
effect, while for the 20 mm and the 40 mm hollow sphere the DVH drops more rapidly due
to intrinsic limitation of the SPECT system.

Of note, our results compare with varying degrees of accuracy with those reported by
Gear et al. [22]. The DVH related to the 40 hollow sphere is in excellent agreement with
(rescaled) MC-based DVH (Figure 6a), assumed to be the reference. As expected, the 20 mm
sphere results in lower dose values when compared with MC data (Figure 6b) obtained
for the same sphere. Along the same lines, the DVH of the 40 mm hollow sphere differs
from DVH assessed by MC calculation (Figure 6c). As already discussed, most likely such
differences are due to the intrinsic limitation in resolution of the SPECT system and the
presence of partial volume effects (PVE) which result in a systematic underestimation of
dose values. Finally, for the liver compartment the same results found between liver and
MC DVHs in [22] have been confirmed in this study (Figure 6d).
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Figure 6. Cumulative DVH comparisons between 99mTc SPECT/CT of this study and those (rescaled)
reported by Gear et al. in [19] for Monte Carlo (MC), 90Y-PET/CT (PET/CT), 90Y-SPECT/CT
(Bremsstrahlung) and 99mTc SPECT/CT (99mTc) for the AbdoMan inserts (a) 40 mm sphere, (b) 20 mm
sphere, (c) 40 mm hollow sphere with 25 mm solid inner sphere, simulating a neovascular rim around
a necrotic core) and (d) liver compartment.

4. Discussion

RE with 90Y-µs represents a well established treatment option in radiation therapy of
HCC and metastatic liver lesions thanks to the peculiar modality of 90Y-µs administration.
In fact, radiolabeled particles are injected through the hepatic artery and become trapped
at the precapillary level emitting lethal internal radiation. This mechanism limits exposure
to the surrounding normal parenchyma, thereby permitting higher dose delivery than
with external beam radiotherapy. However, healthy liver may receive a dosage higher
than the tolerance dose when non-dosimetric methods are adopted for the selection of the
90Y-µs activity to be injected. In addition, microspheres can be transported into the vascular
territory of the gastrointestinal organs, resulting in severe damage in less than 5% of RE
cases [7]. Thus, accurate treatment planning is mandatory to ensure a good therapeutic
outcome menawhile limiting side effects.

4.1. Role of Predictive Dosimetry with 99mTc-MAA SPECT

Nowadays, the use of PET/CT systems for 90Y-µs dosimetry purposes is a well es-
tablished approach since 90Y PET reflects the tumor heterogeneity better than traditional
bremsstrahlung 90Y SPECT [28,31,32]: this is crucial to obtain reliable estimates of 90Y-µs
activity distribution, essential for the assessment of the dose delivered to hepatic tumours.
However it should be noted that 90Y-PET can be performed after the administration of
micropsheres thereby allowing only for post-therapy dosimetry.

At present, predictive dosimetry with 99mTc-MAA SPECT has been demonstrated
to improve the average quality of treatment and recent EANM guidelines encourages
the use of 99mTc-MAA for therapy optimization [33]. However it should be stressed that
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the potential to perform accurate dosimetric treatment planning relies on the predictive
accuracy of 99mTc-MAA for 90Y microsphere distribution and the general consensus is that
the decision to treat an individual solely on the bases of the predicted lesion-absorbed
dose is a delicate matter [33]. Moreover, the predictive value for dose evaluation based on
99mTc-MAA SPECT is still subject of debate in the literature [20,21].

Against this backdrop, our study aims to support the use of 99mTc-MAA SPECT
acquisition for provisional dosimetry along with the local energy deposition method to
convert reconstructed SPECT data into absorbed dose maps. In particular, as long as
99mTc-MAA SPECT reconstructions are related to liver lesions with dimension comparable
to the 40 mm in diameter sphere, the absorbed dose computed by means of the local
energy deposition method can lead to results in line with those obtained by Monte Carlo
computation. Our findings confirm previous research [28]. This is because the tumor
dimension exceeds the SPECT system resolution and has the potential to overcome or
reduce image artifacts (e.g., PVE). On the other hand, 99mTc-MAA SPECT reconstructions
related to small liver lesions (approximately 20 mm) or larger areas presenting an hypoxic
necrotic core should be analyzed with care for a correct interpretation in a clinical setting.

4.2. DVH Analysis

Regarding DHVs analysis, in the present study the DVHs of the 40 mm sphere is
in excellent agreement with MC, while larger deviations were found for smaller lesions
and for the liver compartment. Of note, only the DVH of the 40 mm sphere is superior to
90Y-PET/CT data found in [22]. Moreover, in the range 50–60% of cumulative dose-volume
related to 40 mm hollow sphere, the absorbed dose values related to 90Y-PET/CT [22] and
our 99mTc-MAA SPECT/CT compare favourably with MC data.

The large deviation found for the liver compartment with respect to the MC DVH
(Figure 6d) is in agreement with what reported by Gear et al [22]. In the present study
only the liver compartment was contoured using an automated segmentation technique. In
future work, investigating the impact of the segmentation method on the accuracy of dose
estimates might prove important.

The present study adds to a growing corpus of research showing the potential accuracy
of the local deposition method for absorbed dose calculations in molecular radiotherapy. In
addition, these findings provide additional information on the use of 3D printed printing
technology in molecular radiotherapy. In fact, the demand for 3D printed phantoms is con-
stantly rising and gaining an ever-increasing interest not only in nuclear medicine [34–36],
but also in diagnostic radiology [37] and radiation therapy [38]. In particular, in the field
of nuclear medicine, PET/CT and SPECT/CT scanner validation is a key requirement to
participate in multicenter clinical studies. This essential to ensure comparability between
various scanner types and brands. At present, nuclear imaging systems are generally vali-
dated under different clinical scenarios using physical phantoms based on hollow cylinders
containing hollow spheres, which present a somewhat limited geometric complexity. The
recent introduction, over the last 10 years of 3D printing techniques allows the reparation of
phantoms of almost any shape, including anthropomorphic phantoms including different
organs and highly irregular tumor lesions. Future research should continue to explore the
validation of dose calculation algorithms and imaging correction techniques on 3D printed
phantoms to assess the uncertainty in the measurement processes involved in internal
absorbed dose calculations.

5. Conclusions

In conclusion, our study suggests that the use of 99mTc SPECT acquisitions, together
with the local energy deposition dose computational method, outperforms bremsstrahlung
SPECT imaging and provide results similar to Monte Carlo calculation for liver lesions
exceeding the SPECT resolution limit. For liver lesions with hypoxic necrotic core or
lesions whose size is close to the SPECT system resolution, a preliminary characterization
of the system should be performed comparing the scanner performance against a reference
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phantom or geometry standard. Against this backdrop, an accurate characterization of
the SPECT scanner has the potential to provide a set of quantifiable results and specific
metrics that may serve as a point of reference against which clinical data can be compared.
Further research is needed to extend results to different SPECT/CT systems and additional
anthropomorphic phantom. In addition, further studies aiming at assessing the impact
of different image processing/reconstruction software could prove quite beneficial to the
literature.
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