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ABSTRACT. Microspheres labelled with radioactive nuclides are widely used for TransAr-
terial RadioEmbolization (TARE) in the treatment of patients with hepatocellular carcinoma
(HCC) and/or hepatic metastases. Nowadays, three commercially available devices can
be used: ?°Y-loaded glass (Theraspheres®, Boston Scientific, Marlborough, MA, USA)
and resin microspheres (Sir-Spheres®, SIRTex medical, Woburn, MA, USA), or 166,
microspheres (QuiremSpheres™, Quirem Medical, Deventer, The Netherlands). With
reference to 20 Y-loaded glass and resin microspheres, recent studies (S. A. Graves et al., J.
Nucl. Med. 23, 1131-1135 (2022); S. Gnesin et al., J. Nucl. Med. 64, 825-828 (2023)) high-
lighted the difference between the measured activity of commercial vials and the nominal
one declared by the vendors. As discussed by L. Auditore et al. (J. Nucl. Med. 64, 1471-
1477 (2023)), this discrepancy can be attributed to the procedure used to measure the activity
of the vials at the vendor sites and to neglect the emission of Internal Bremsstrahlung (IB)
photons among the radioactive decay particles emitted by *°Y. The aim of this study was to
investigate, by means of Monte Carlo simulations, the causes of such discrepancies, focus-
ing on the geometrical factors affecting the activity measurement. In this study an activity
calibrator was reproduced in Monte Carlo simulation environment and the measurement of
the activity of a vial containing YCl3 or °Y-labelled microspheres was simulated. With
reference to the glass microspheres, the relative difference between the signal produced by
the two solutions, YCI3 and *°Y-labelled microspheres, is 23.5%. This discrepancy reduces
to —1.7% if the °*Y-labelled microspheres are simulated as uniformly distributed in the
vial. Moreover, results indicate that the geometry of the vial affects the results reducing the
discrepancy from 23.5% to 16.6%. Similar results were obtained for °° Y-resin microspheres
for which the discrepancy with respect to the reference solution reduces from —15% to
—8.6% when considering the microspheres homogeneously dispersed in the vial. Since the
activity of a device employed for therapy has to be accurately known, this study highlights
the need of updating the procedure of measuring the activity of such particulate solutions
by using ad hoc calibration factors to consider the real vial geometry and distribution of the
radioactive solute in the vial.
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1. Introduction

TransArterial RadioEmbolization (TARE) is a therapeutic approach for patients with
HepatoCellular Carcinoma (HCC) and/or hepatic metastases, employing radionuclide-
labelled microspheres, made of glass or resin (Chiesa et al. 2021; Levillain ef al. 2021;
Weber et al. 2022). The treatment is planned to optimize the dose delivered to the hepatic
lesions and to the healthy tissues. This is achieved performing a patient specific pre-
treatment dosimetry that is routinely done by a (°””'T'¢)-macroaggregated albumin (MAA)
Single Photon Emission Computed Tomography (SPECT), often supported also by direct
Monte Carlo (MC) simulation (Auditore et al. 2019; Amato et al. 2020; Auditore et al. 2020,
2022; Pistone et al. 2022). However, the pillar for these pre-treatment studies is the accurate
knowledge of the activity of radio-labelled microspheres to be injected to the patients. The
potential inaccuracy of the activity measurement at the vendor site would result in direct
dosimetry bias affecting the determination of reliable dose-response relations. The common
procedure for activity determination uses calibration factors estimated for a YCl3 solution
uniformly distributed in a vial shaped as a hollow cylinder. However, the commercial vial
used to sell *°Y-loaded glass microspheres is a V-shaped vial, a very different geometry
with respect to the cylindrical shape. Moreover, in a solution containing microspheres,
the radioactivity is not uniformly distributed in the vial since these microparticles rapidly
deposit to the bottom, leaving the rest of the vial filled with a non-radioactive solution.
Consequently, for vials containing microspheres in aqueous solutions, both the geometry
of the commercial vial and the (non-uniform) distribution of radioactive microspheres in
the vial lead to a configuration which substantially differs from the standard homogeneous
YCl; solution used a metrological standard, therefore, the calibration factors deduced with
such a reference could be not appropriate.

With reference to yttrium-90 (°°Y)-loaded glass and resin microspheres, recent studies
(Graves et al. 2022; Gnesin et al. 2023) highlighted the difference between the measured
activity of commercial vials and the nominal one declared by the vendors. The multicenter
study published by Gnesin et al. (2023) found that the activity assessed with PET underesti-
mated by 21% for glass microspheres and overestimated by 15% for resin microspheres
the vendor-calibrated activity while a good agreement between PET- and vendor-calibrated
activities was found for a vials containing homogeneous **Y-chloride liquid solution. Ac-
cording to the results published by Auditore et al. (2023), this discrepancies can be attributed
to the calibration factors used for measuring the activity of the vials at the vendor site. In
particular, the trend of the microsphere to rapidly fall down to the bottom of the vial implies
a measurement configuration quite different from the one used to retrieve the calibration
factors with the YCl3 solution. Moreover, also the geometry of the vial containing the
microspheres showed to affect the measurements. Another relevant contribution comes
from having neglected the emission of Internal Bremsstrahlung (IB) photons among the
radioactive decay particles emitted by *°Y (Auditore et al. 2023), a process usually not kept
into account in activity estimation; nevertheless, recent studies confirmed its role in forming
the signal registered by an activimeter (Auditore et al. 2021).

Aim of this study was to investigate, by means of Monte Carlo simulations, the several
factors affecting the activity measurements and potentially responsible of the discrepancies
discussed by Graves et al. (2022), Auditore et al. (2023), and Gnesin et al. (2023).
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2. Materials and methods

The response of the Veenstra activity calibrator (Veenstra 2012) considered in this study
was modelled by Monte Carlo (MC) simulations performed with GAMOS 6.0 (Arce et al.
2008, 2011), a user-friendly interface of the GEANT4 code (Agostinelli ef al. 2003; Allison
et al. 2006, 2016) extensively validated in the literature Arce et al. 2014. Three radioactive
sources were considered: YCls, **Y-loaded glass and resin microspheres. The Veenstra
activity calibrator, whose active volume was filled with pure argon at 14 bar of pressure,
was reproduced according to the technical layouts provided by the vendor (Veenstra 2012).
This MC setup was elsewhere validated (Auditore et al. 2021, 2022) and is shown in Fig. 1.
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FIGURE 1. a): rendering of the geometry as reproduced by MC simulation
together with particle tracks. b) and c): schematic 2D layouts of the experimental
setup (not to scale) for the configuration including a plexiglass shield around the
source) (Auditore et al. 2022).

The GmEMExtendedPhysics package, using by default the Livermore low-energy elec-
tromagnetic interaction models, including atomic de-excitation, was used; chemical compo-
sitions and densities of the considered materials were taken from the GEANT4 Database
Material (Geant4 Collaboration 2024). The RadioactiveDecay class was used to simulate
the beta-decay of °°Y which does not include Internal Bremsstrahlung photon emission. To
account for this process, further simulations were run in which photons were generated in
the source volume with energy probabilities set in a user-defined file read by GAMOS and
expressed as a constant-bin histogram, as explained in detail by (Auditore et al. 2021, 2022,
2023).

A range cut-off of 1 um was used and 10® primary histories were simulated, to obtain
MC estimates with relative statistical uncertainties of about 1%; no variance reduction
technique was implemented. A workstation equipped with a 4th generation Intel Core
7 processor, was used to run simulations, each of which required about 1 h. YCI3 was
simulated as a 0.5 ml aqueous solution contained in a vial with standard geometry (the main
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body of the vial is an hollow cylinder). *°Y decays were uniformly generated in the solution.
Results of this simulations were taken as the reference. °Y-loaded glass microspheres were
simulated according to the scheme adopted by Auditore et al. (2023). The source was firstly
simulated as a particulate solution in which microspheres are deposited to the bottom of the
V-shaped vial, which is the one commercially used. The vial is shielded by a thick cylinder
made of plexiglass that was also included in the MC simulations.

To estimate the influence of the distribution of microspheres in the vial, a second set of
simulations was carried out considering the microsphere homogenously distributed in the
aqueous solution. In this case the density of the whole solution was adjusted accordingly.
Moreover, the commercial vial used to sell *Y-loaded glass microspheres is V-shaped
having a thick base; the influence of the vial geometry was also studied. In all the simulation
with ®°Y-loaded glass microspheres, the volume of the solution in the vial was set to 0.8 ml.
The signals produced by the activity calibrator, in terms of electric current per activity unit
(pPA/MBq), estimated for the different configurations were compared with the reference, as
described by Auditore ez al. (2021). Similarly, °*Y-loaded resin microspheres were firstly
simulated at the bottom of a vial with cylindrical geometry. A further set of simulations
was then carried out considering the microspheres uniformly distributed in the vial. Results
were compared with the reference also in this case.

For each kind of microspheres, the comparison with the reference, YCls, is discussed in
terms of relative percent difference £ », calculated as:

Y, —Y
g2= 100. 22— YCls
Yyci,

where g refer to the real and modified configurations, respectively (see Auditore et al.
2021, Eq. 4).

3. Results and discussion

3.1. °Y-loaded glass microspheres. Results obtained for *°Y-loaded glass microspheres
are summarized in Table 1.

TABLE 1. Comparison between the signal estimated for YCl3 and %0Y-loaded
glass microspheres in two configurations: (1) microspheres at the bottom of the
V-shaped vial; (2) microspheres uniformly distributed in the V-shaped vial.

Source YCl3 Glass microspheres (1) € Glass microspheres (2) &
(pPA/MBq)  (pA/MBq) (%) (PA/MBq) (%)
B 0.163 0.211 294 0.160 -1.8
YiB 0.024 0.020 -16.7 0.023 -4.2
B+vp 0.187 0.231 23.5 0.184 -1.6

When considering the real distribution of microspheres in the vial (deposited at the vial
bottom) and neglecting y;p, the signal registered by the activity calibrator differs from the
one obtained with the YCl3 reference solution by 29.4%. The difference reduces to -1.8%
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when the microspheres are simulated uniformly distributed in the vial. These results indicate
that if the microsphere were uniformly distributed in it (e.g., by continuous stirring), the
calibration factors deduced from the measurements of the activity of an YCl3 solution could
be used also for the *°Y-loaded glass microspheres. Conversely, when considering the real
microsphere distribution, a different calibration factor should be used. The inclusion of
Y:s as an additional source term in MC simulation reduces the discrepancy by 5.9% when
the real distribution of the microspheres in the solution is considered and by 0.2% if the
microspheres are homogeneously dispersed in the solution thus highlighting the role of Y
in such measurements.

The effect of the vial geometry was also investigated and the results are reported in
Table 2.

TABLE 2. Comparison between the signal estimated for YCl3 and *0Y-loaded
resin microspheres contained in a V-shaped (1) vial and in a vial with standard

geometry (2).
Source YClj Glass microspheres (1) & Glass microspheres (2) &
(pPA/MBq)  (pA/MBq) (%) (pA/MBq) (%)
B 0.163 0.211 294 0.197 20.8
YiB 0.024 0.020 -16.7 0.022 -8.3
B+vs 0.187 0.231 235 0.218 16.6

There is evidence that the vial geometry affects the signal related to the beta emission of
Y (y;p are neglected) reducing the discrepancy with respect to the reference solution from
29.5% to 20.8%. Similarly, also the signal coming from 7;p is affected by the vial geometry.
Considering both beta emission and ;5 the discrepancy with respect to the reference solution
reduces from 23.5% to 16.6% when considering a cylindrical vial. Results for *°Y-loaded
glass microspheres are represented in Fig. 2.

TABLE 3. Comparison between the signal estimated for YCI3 and *°Y-loaded
resin microspheres in two configurations: (1) microspheres at the bottom of the
vial; (2) microspheres uniformly distributed in the vial.

Source YClj Resin microspheres (1) & Resin microspheres (2) &
(pA/MBq) (pA/MBq) (%)  (pA/MBq) (%)
B 0.163 0.135 -17.4  0.146 -10.4
YiB 0.024 0.024 0.0 0.025 4.2
B+vp 0.187 0.159 -15.0 0.171 -8.6

3.2. “°Y-loaded resin microspheres. Table 3 reports the MC simulation estimates for
90Y-loaded resin microspheres. The discrepancy between the signal from the activimeter for
YCl3 and *°Y-loaded resin microspheres reduces from —17.2% to —10.4% when consider-
ing the microspheres homogenously dispersed in the solution. The addition of y;p further
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FIGURE 2. Relative percent difference between signals estimated for 0 Y-loaded
glass microsperes respect to YCl3: real vs uniform microsphere distribution for
vials with V shape (a) and standard geometry (b); V-shaped vs standard vial
geometry for real (c) and uniform (d) distribution.

reduces the discrepancy to —8.6%. Results are similar to those discussed for *°Y-loaded
glass microspheres and we can state that also for the measurement of the activity of resin
microspheres the use of proper calibration factors is recommended.

4. Conclusions

In therapeutic Nuclear Medicine procedures, an accurate estimate of the administered
activity is paramount to pursue the goal of safety and efficacy of the treatment. Recent
studies highlighted important discrepancies in the determination of therapeutic activity of
90Y_loaded glass and resin microspheres, devices widely used for TranArterial RadioEm-
bolization in the treatment of patients with HepatoCellular Carcinoma (HCC) and/or hepatic
metastases, evidencing the importance of adopting proper calibration factors to get a real-
istic value of the activity. This study proves the dependence of the measurements on the
real distribution of microspheres inside the vial as well as on the vial geometry, further
suggesting the need to include, in the §-decay analysis, also the Internal Bremsstrahlung
contribution to obtain reliable data.
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