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Abstract: The aim of the present paper is twofold. Firstly, to assess the absorbed dose in small lesions
using Monte Carlo calculations in a scenario of intratumoral injection of 90Y (e.g., percutaneous
ablation). Secondly, to derive a practical analytical formula for the calculation of the absorbed
dose that incorporates the absorbed fractions for 90Y. The absorbed dose per unit administered
activity was assessed using Monte Carlo calculations in spheres of different size (diameter 0.5–20 cm).
The spheres are representative of tumor regions and are assumed to be uniformly filled with 90Y.
Monte Carlo results were compared with the macrodosimetric approach used for dose calculation
in liver radioembolization. The results of this analysis indicate that the use of the analytic model
provides dose overestimates below 10% for lesions with diameter larger than approximately 2 cm.
However, for lesions smaller than 2 cm the analytic model is likely to deviate significantly (>10%)
from Monte Carlo results, providing dose overestimations larger than 50% for lesions of 0.5 cm
diameter. In this paper an analytical formula derived from MC calculations that incorporates the
absorbed fractions for 90Y is proposed. In a scenario of intratumoral injection of microspheres,
the proposed equation can be usefully employed in the treatment planning of spherical lesions of
small size (down to 0.5 cm diameter) providing dose estimates in close agreement with Monte Carlo
calculations (maximum deviation below 0.5%).
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1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver malignancy and today
multiple treatment modalities exist [1]. Due to the lack of effective systemic therapies for HCC,
researchers have been investigating the use of locoregional tumor control with 90Y radioembolization
since the 1960s. Today radioembolization (or Selective Internal Radio Therapy, SIRT) is an
established and effective treatment for liver malignancies based on trans-arterial infusion of 90Y-laden
microspheres [2–4]. At present, there are two clinically available microsphere devices in which
90Y is incorporated: one with microspheres made of glass (TheraSphere; MDS Nordion, Ottawa,
ON, Canada) and the other with microspheres made of resin (SIR-Spheres; Sirtex Medical, Sydney,
Australia). Once administered, the spheres remain in the liver as a permanent implant.

Radiation dose distributions arising from intrahepatic arterial infusion of 90Y microspheres have
been investigated by a number of authors in the past. In recent years a number of studies have
addressed the problem of dosimetry in therapies based on the use of intratumoral administration of
90Y-conjugates by percutaneous puncture. This technique has been successfully applied to patients
treated with 90Y-labeled [DOTA0-D-Phe1-Tyr3]octreotide (90Y-DOTATOC) for malignant gliomas [5–7].
In fact, based on the clinical experience gained in liver radioembolization, it is reasonable to assume
that percutaneous ablation of HCC through the intratumoral injection of an appropriate activity of
90Y has the potential to reduce drastically the chances of local recurrence. In this context, there is
growing interest in the development of new intratumoral procedures for HCC throughout a localized
administration of 90Y in the form of microspheres mixed with biocompatible compounds [8].

As a general rule, intratumoral administration of radionuclides raises questions about the
dosimetry of small lesions as this approach allows sub-centimeters tumors to be selectively
treated [9,10]. To date, there is no simple way to assess exactly the absorbed dose to tumours and
normal liver when 90Y is administered. This is because 90Y only emits pure beta radiation with
limited penetration range in tissue. As a consequence, the delivered dose is highly dependent on the
distribution of the radionuclide and the tumor mass.

Calculation of the radiation dose to tumors may require consideration of the losses of electron
energy. In the traditional macrodosimetric approach, all of the electron energy emitted in a source
region is assumed to be absorbed in that region. This is quite reasonable for most situations because the
range of most electrons in body tissues is small compared to the size of most source regions. However,
when the tumor size is small this assumption is no longer true and the absorbed fraction may be
significantly less than unity. Some preliminary work dedicated to the assessment of the absorbed
fractions for beta particles in spherical regions of different sizes was carried out in the early 1990s by
Siegel [11] and Bardies [12]. In a major advance in 2000 Stabin and Konijnenberg [13] reevaluated and
updated absorbed fractions in spherical regions comparing different Monte Carlo codes, while in 2010
Amato and colleagues [14] calculated absorbed fractions for electrons in ellipsoidal volumes. The aim
of the present paper is to assess the absorbed dose of 90Y after percutaneous administration in small
spherical lesions proposing a practical analytical formula that incorporates the absorbed fractions for
90Y. Of note, in [13] absorbed fractions were assessed for monoenergetic electrons using MCNP version
4B, while in this study absorbed dose fractions were calculated implementing the full 90Y spectrum
and using an upgraded version of MCNP (version 4C). Calculations were performed assuming both
water and liver density (ρ = 1.00 g/cm3 and ρ = 1.05 g/cm3, respectively) for spheres of different
diameter (0.5–20 cm). MC results were then compared with the well enstablished macrodosimetric
approach used for the dose assessment in liver radioembolization Equation (4).

2. Materials and Methods

2.1. Percutaneous Ablation with 90Y

Recently, it has been proposed the intralesional injection of 90Y in the form of resin microspheres
embedded in a bio-compatible matrix. The injection is performed using a proprietary delivery
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system [8]. This procedure is also known as percutaneous radioablation and is a minimally invasive
treatment for patients with small (below approximately 3 to 5 cm) liver tumors performed using
BAT-90, a combination of the following components: (i) BioGlue R© (Cryolife, Atlanta, GA, USA),
a FDA-approved mixture of bovine serum albumin (45%) and glutaraldehyde (10%) in a 4:1 ratio,
approved for use in soft tissue repair or to seal damaged parenchyma [15] (ii) SIR-Spheres R© coated
with 90Y (Sirtex Medical, Sydney, Australia) approved for implantation into hepatic tumors via the
hepatic artery. BAT-90 is percutaneously injected through the MIPP-Kit R© (Svas Biosana, Neaples, Italy)
a dedicated coaxial dual-lumen catheter for the direct, imaging-guided intra-tumoral injection.

The two components of BAT-90 are dispensed from a double-barrel syringe and mix within the
delivery tip in a predefined ratio. The adhesive begins to polymerize within 20–30 s and reaches
maximum bonding strength in 2 min. Once injected into the tumor region, the radiopharmaceutical
combination (BAT-90) remains in the lesion delivering the required tumoricidal dose. As a consequence,
in order to simulate a scenario of percutaneous ablation, in the present study we assumed
that 90Y is homogeneously dispersed into the lesion and that there is no biological removal of
the radiopharmaceutical.

2.2. Dosimetry with 90Y

90Y disintegrates by β emission mainly (99.983% [16]) to the stable 90Y ground state level. A weak
beta branch occurs to the 1760 keV excited level which decays by a E0 gamma transition [16]. This 0+-0+

transition is followed by the emission of two gammas, or an electron-positron pair, or internal
conversion. The adopted half life of 90Y ground state is 64.041(31) h or 2.6684(13) days [16].

Among the radionuclides used in clinical practice, 90Y has attractive physical and radiobiologic
features that make this radionuclide suitable for a loco-regional therapeutic option. The high-energy
β-particles (maximum energy 2278.7(16) keV, average energy 926.7(8) keV [16]) and their penetration
depth (maximum particle range in tissue, 11 mm; range in tissue after which 50% of the energy
particles is transferred, 4 mm) allows high radiation doses to be selectively delivered to the target
area, while sparing surrounding tissues and normal organs. In particular, the penetration depth
of the high-energy β-particles is a key element of this radionuclide’s success in radioembolization,
allowing for high-dose deposition into the tissues between embolized capillars. In the traditional dose
calculation formalism (after locoregional administration of 90Y) two important simplifying assumptions
are generally made:

• β radiation released from 90Y within a given organ is fully absorbed by that organ. In most cases,
this assumption is supported by the average 4 mm 90Y β range in tissue.

• permanence of 90Y in the area where they have been delivered (i.e., no migration of the
radiopharmaceutical outside the tumor region).

Combining these two assumptions allows for easy calculation of average absorbed dose to an
organ of interest on a macroscopic scale. The calculation, carried out using most up-to-date nuclear
data for 90Y [16], is illustrated below and it is generally referred to as the MIRD approach [17]:

Eavg =
∫ ∞

0
Eϕ(E)dE = 926.7 keV = 1.4847× 10−13 J (1)

Etot = A0Eavg

∫ ∞

0
e−λtdt =

A0

λ
(1.4847× 10−13 J) = A0 · k (2)

where Eavg is the average energy released per decay of 90Y based on the probability density function
ϕ(E) for emission, λ is the 90Y decay constant based on the half-life of 64.041(31) hours, and k a
constant term. A0 is the activity present in the organ in GBq and Etot is the total energy released by A0

from the time that it is infused until it has fully decayed.
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Assuming that all of the energy of the β− decay is absorbed in the volume where the decay
occurs, the constant term, k, can be calculated taking the given physical values and their statistical
uncertainties:

k =
1.4847× 10−13 J

λ
=

1.4847× 10−13 J× 230547 s
0.69315

× 109 dis/s
GBq

= 49.38(5) (J/GBq) (3)

The constant factor 49.38 (J/GBq) is the energy released per unit activity of 90Y. The adopted
uncertainties on the nuclear data [16] reported in Equation (4) lead to a relative standard uncertainty
of 0.1% on the constant term, i.e., 49.38(5) (J/GBq), in line with [18].

Finally, the absorbed dose D (expressed in Gy) can be obtained by dividing the delivered energy,
Etot, by the mass of the target region m (expressed in kg):

Davg (Gy) =
A0 (GBq)× 49.38(5) (J/GBq)

m (kg)
(4)

Of note, the same formula with a slightly different constant term, k, is reported in other
publications (e.g., 49.98 [17], 49.67 [19]).

According to the partition model [20–22], Equation (4) can be used to calculate the absorbed dose
in the tumor, once the fractional tumor uptake FUtumor (i.e., the fraction of the administered activity
accumulated in the tumor) is known:

Dtumor (Gy) =
A0 (GBq)× 49.38(5) (J/GBq)× FUtumor

m (kg)
(5)

It must be reiterated that Equations (4) and (5) are representative of average absorbed dose on a
macroscopic scale, i.e., on an organ or a large lesion where the absorbed fraction can be assumed equal
to unity. These equations may not hold for very small tumor masses, as the assumption that the energy
emitted during decay is totally absorbed by the mass of interest m is no longer true. In particular,
when the size of the lesion is very small (especially in the sub-centimeter region), the energy released
per unit activity of 90Y may decrease significantly. As a consequence hereafter the constant term k in
Equation (3) will be treated as a function of the lesion radius (r) and indicated as k(r).

Monte Carlo Calculations

In the present study the absorbed dose per unit administered activity was assessed using Monte
Carlo calculations in a simplified geometry. MC code MCNP4C has been used for this purpose [23].
MCNP is a general-purpose, continuous-energy, generalized-geometry, time-dependent, coupled
neutron/photon/electron Monte Carlo transport code. For photon transport, the code takes into
account photoelectric absorption, with the possibility of K- and L-shell fluorescent emission or
Auger electron, coherent and incoherent scattering and pair production. The photoelectric cross
sections are based on Storm and Israel [24] whereas the scattering cross sections are taken from
ENDF tabulations [25]. The continuous slowing down approximation energy loss model is used for
electron transport.

Spherical lesions of different size (diameter in the range 0.5–20 cm) were simulated for two
different densities: ρ = 1.00 g/cm3 (water density) and ρ = 1.05 g/cm3 (liver density). In both
scenarios, spheres were assumed to be immersed in a semi-infinite medium with the same density of
the sphere. The spheres are representative of tumor regions and are supposed to be uniformly filled
with 90Y, while the surrounding medium is assumed to contain no radioactivity.

Calculations were performed in coupled electron-photon mode [MODE P E] using the el03 electron
interaction data library (ELIB = 03E) and the mcnplip2 photon interaction data library (PLIB = 02P).
Simulations were carried out taking into account all the available advanced options such as electron
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production by photons, Bremsstrahlung effect and knock-on electron production. MCNP simulations
were run for an adequate time to get a statistical uncertainty on the absorbed dose below 0.01%.

3. Results

Figure 1 shows the fraction of 90Y absorbed dose into the tumor as a function of the tumor size,
obtained from MCNP simulations. The 90Y beta spectrum implemented in the model is also reported in
the same figure. Calculations were performed both for water spheres (ρ = 1.00 g/cm3) and for spheres
made of liver tissue (ρ = 1.05 g/cm3). In both cases, when the lesion diameter drops below 2 cm,
a great amount of the β particle energy is delivered outside the sphere. Consistently, the delivered
energy per unit activity, k(r), shows the same trend (Figure 2) confirming that when the tumor size
is small such term deviates significantly from the value 49.38 (J/GBq), considered in Equation (4).
In order to use information reported in Figure 2 at the clinical level, k(r) data obtained from MC
calculations were fitted with the following function:

k(r) = k0 + A · (1− exp(− r
a
)) + B · (1− exp(− r

b
)) (6)

where r is the lesion radius in cm (assuming spherical tumors) and k0, A, a, B, b are parameters
determined by the fit (reported in Table 1 both for water and liver density). An r2 = 0.999 was
obtained form the fit, both for water and liver density. Furthermore, goodness-of-fit was also assessed
through the analysis of residuals (Figure 2B), which shows maximum deviations below 0.2 between
calculated and fitted data, confirming the accuracy of the fit. Based on the fitting function described in
Equation (6), Equation (4) can be rewritten in the following form:

Davg(r) =
A0 · k(r)

m
(7)

.
Figure 1. Fraction of 90Y absorbed dose into the tumor as a function of the tumor size. Simulations
were performed for ρ = 1.00 g/cm3 (water density) and ρ = 1.05 g/cm3 (liver density). Inset: 90Y beta
spectrum implemented in the model.
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.
Figure 2. (A) Delivered energy per unit activity of 90Y, k(r), calculated with MCNP4c as a function of
the tumor diameter. Data were fitted with Equation (6). (B) Analysis of residuals.

Table 1. Fitting parameters of Equation (6) with relative standard uncertainties, for water and liver
density (denoted with superscripts W and L, respectively). R2 = 0.999 in both cases.

Parameter ValueW urel
W/% ValueL urel

L/%

k0 −11.883 1.10 −12.999 1.00

A 4.416 1.15 4.654 1.10

a 2.190 0.90 1.909 1.00

B 56.820 0.05 57.701 0.05

b 0.290 0.15 0.271 0.10

For a given activity A0, Equation (7) can be used to accurately calculate the absorbed dose
for very small lesions (down to 0.5 cm diameter). The absorbed dose to lesions calculated using
Equation (7) provides results in good agreement with MC calculations (maximum deviation below
0.5%). As expected, when ideally r → ∞ Equation (7) reduces to Equation (4). Of note, the energy
per unit activity, k(r), obtained from Equation (6) when x → ∞ is 49.35 (J/GBq), against the accepted
value of 49.38 (J/GBq) derived from Equation (4) (0.06% deviation).

Figure 3 compares absorbed doses per unit activity (Gy/GBq) calculated with Monte Carlo
with those obtained using the analytic approach described by Equation (4), for spherical lesions of
different size and for ρ = 1.05 g/cm3. The same results for ρ = 1.00 g/cm3 are shown in Figure 4.
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In addition Figure 4 reports absorbed doses calculated using the well established Olinda/EXM code,
developed by the RAdiation Dose Assessment Resource (RADAR) Task Group of the Society of Nuclear
Medicine [26]. As illustrated in Figure 4, absorbed dose values calculated with MC approach concur
well with those obtained using Olinda/EMX. Significant deviations were found between MC calculated
dose values and those obtained using the analytic formulation when the lesion diameter drops below
2 cm (Figure 4, inset).

.
Figure 3. Absorbed dose per unit administered activity (GBq), for ρ = 1.05 g/cm3 (liver density).
Comparison between MC approach (MCNP) and the analytical formulation (AA) described by
Equation (4). Inset: detail in the range 0 cm–1 cm lesion size.

Figure 4. Absorbed dose per unit administered activity (GBq), for ρ = 1.00 g/cm3 (water density).
Comparison between MC approach (MCNP) and the analytical formulation (AA) described by
Equation (4). Inset: detail in the range 0 cm–1 cm lesion size.
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Ultimately, Tables 2 and 3 compare absorbed dose values per GBq of administered activity
obtained with MC calculations (DMCNP) and with the analytical approach reported in Equation (4),
(DAA). The percentage differences between the two methods (last column of both tables, ∆) is also
reported, calculated as 100 · (DMCNP − DAA)/DAA. The difference in absorbed dose values is within
∼10% as long as the diameter of the lesion exceeds 2 cm. The two calculation approaches deviate
significantly when the lesion size drops below 2 cm, due to significant energy deposition outside the
sphere. This is consistent with the maximum particle range in tissue for 90Y (about 11 mm). In this case,
for water (liver) density MC calculations provide absorbed doses −9.3% (−9.6%), −27.8% (−26.7%),
−56.7% (−55.4%) lower than those obtained using the analytic formulation described by Equation (4)
for tumor diameter of 2 cm, 1 cm and 0.5 cm, respectively (Tables 2 and 3).

Table 2. Dose per unit activity calculated with MCNP4C for spherical lesions of different size uniformly
filled with 90Y. The lesions are assumed to have a density of ρ = 1.05 g/cm3 (liver density). The same
quantity (dose per unit activity) has been calculated using the analytic approach (AA) described by
Equation (4). The last column of the table (∆) shows the percentage deviation between the two methods,
calculated as 100 · (DMCNP − DAA)/DAA.

Lesion Diameter Mass (kg) Dose/Particle (Gy/p) MCNP (Gy/GBq) AA (Gy/GBq) ∆

20 cm 4.40 3.38 ×10−14 1.12× 101 1.14× 101 −1.8%

10 cm 5.50× 10−1 2.68× 10−13 8.91× 101 9.10× 101 −2.1%

8.0 cm 2.81× 10−1 5.21× 10−13 1.73× 102 1.78× 102 −2.5%

6.0 cm 1.19× 10−1 1.23× 10−12 4.08× 102 4.21× 102 −3.1%

5.0 cm 6.87× 10−2 2.11× 10−12 7.01× 102 7.28× 102 −3.7%

4.0 cm 3.52× 10−2 4.08× 10−12 1.36× 103 1.42× 103 −4.2%

3.0 cm 1.48× 10−3 9.51× 10−12 3.16× 103 3.34× 103 −6.2%

2.0 cm 4.40× 10−3 3.09× 10−11 1.03× 104 1.14× 104 −9.6%

1.0 cm 5.50× 10−4 2.01× 10−10 6.67× 104 9.10× 104 −26.7%

0.5 cm 6.87× 10−5 9.77× 10−10 3.25× 105 7.28× 105 −55.4%

Table 3. Dose per unit activity calculated with MCNP for spherical lesions of different size uniformly
filled with 90Y. The lesions are assumed to have a density of ρ = 1 g/cm3 (water density). The same
quantity (dose per unit activity) has been calculated using the analytic approach (AA) described by
Equation (4). The last column of the table (∆) shows the percentage deviation between the two methods,
calculated as 100 · (DMCNP − DAA)/DAA.

Lesion Diameter Mass (kg) Dose/Particle (Gy/p) MCNP (Gy/GBq) AA (Gy/GBq) ∆

20 cm 4.19 3.54 ×10−14 1.18× 101 1.18 ×101 0.0%

10 cm 5.23 ×10−1 2.81 ×10−13 9.33 ×101 9.44 ×101 −1.2%

8.0 cm 2.68 ×10−1 5.47 ×10−13 1.81 ×102 1.84 ×102 −1.5%

6.0 cm 1.13 ×10−1 1.29 ×10−12 4.27 ×102 4.37 ×102 −2.3%

5.0 cm 6.54 ×10−2 2.20 ×10−12 7.31 ×102 7.55 ×102 −3.2%

4.0 cm 3.35 ×10−2 4.27 ×10−12 1.42 ×103 1.47 ×103 −3.4%

3.0 cm 1.41 ×10−3 9.95 ×10−12 3.30 ×103 3.49 ×103 −5.4%

2.0 cm 4.19 ×10−3 3.22 ×10−11 1.07 ×104 1.18 ×104 −9.3%

1.0 cm 5.23 ×10−4 2.05 ×10−10 6.82 ×104 9.44 ×104 −27.8%

0.5 cm 6.54 ×10−5 9.86 ×10−10 3.27 ×105 7.55 ×105 −56.7%
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4. Discussion

Molecular radiotherapy with 90Y has received much attention in the past two decades and the
dosimetry of small lesions remains a key issue. The maximum range of 90Y β-particles is 11 mm in
tissue, while its average energy β-particles has a range of about 2.5 mm. It is worth noting that the
penetration depth of the high-energy 90Y β-particles is a critical component of this radionuclide’s
success in liver radioembolization, allowing for high dose delivery into the tissue between embolized
capillars. Previous work has been dedicated to the assessment of absorbed fractions for electrons
and beta particles in spheres [11–13] and ellipsoidal volumes [14] of various sizes. The present study
focused on the assessment of the absorbed dose per unit activity in a scenario of percutaneous ablation
of HCC through the intratumoral injection of 90Y in lesions of varying size. A simplified model tumor
areas was implemented into MCNP4C MC code with the aim to determine the absorbed dose to the
lesion when the tumor mass is uniformly filled with 90Y. Spherical lesions of different size (diameter
in the range 0.5–20 cm) were simulated for two different densities: ρ = 1.00 g/cm3 (water density)
and ρ = 1.05 g/cm3 (liver density). In both scenarios, lesions were assumed to be immersed in a
semi-infinite medium with the same density of the lesion.

The problem of beta dosimetry in small lesions is not new [11–13]. Absorbed fractions calculated in
this study are hardly comparable with those assessed in [11,13] as the authors performed calculations
assuming monoenergetic electrons, while in this study the full 90Y spectrum was implemented.
Furthermore, in [13] the authors used MCNP4B, while in this work MCNP4C was used instead.

The widely used analytic approach described by Equation (4) and MCNP calculations provide
results in close agreement (within 10%, no matter the density of the lesion) as long as the lesion
diameter exceeds 2 cm. When the lesion diameter drops below 2 cm, significant differences were
obtained between MC calculations and the analytic approach (i.e., deviations >10%). As a general rule,
the analytic described by Equation (4) tends to overestimate the absorbed dose in small lesions, as the
basic assumption of the model is that β radiation is fully absorbed by the tumor or tissue where the
decay occurs. When the radius of the tumor is smaller than the maximum range of the β radiation in
the medium, a significant amount of the energy is delivered out of the lesion, thus providing smaller
absorbed dose values.

Presently, despite the availability of different dose algorithms, the analytic algorithm described by
Equation (4) is still widely used to assess the absorbed dose in tumor and in the liver compartment at
the clinical level. As a general rule, the size of normal liver is large and Equation (4) provides accurate
dose estimates (provided that accurate input parameters are introduced, among which the fractional
uptake of the target). However, when this approach is applied to assess the absorbed dose to small
tumor masses (i.e., approximately below 2 cm diameter) inaccurate dose estimates can be obtained.

In addition, the analytic algorithm is safely used for treatment planning with glass microspheres.
The foundational principle is based on Equation (4), which describes the average dose in a tissue
volume as a function of 90Y activity. During treatment planning, this equation can be solved for
the treatment activity A0. The results obtained in the present study raise questions as to whether
Equation (4) should be used to assess the prescribed 90Y activity in order to achieve a given tumoricidal
endpoint in small liver lesions. This is especially true when intratumoral injection of 90Y is performed.
For example, for HCC 120 Gy should be considered to be a reasonable minimum target dose [21,27,28].
Therefore, when treating an HCC patient with 90Y β-particles, one may wish to set Dtumor to a
minimum of 120 Gy. Equation (5) can be rearranged to derive the prescribed treatment activity:
A(GBq) = Dtumor · mtumor(kg)/49.38 (J/GBq) · FUtumor. Assuming, for example, a tumor mass,
mtumor, of 0.52 g (diameter 1 cm), FUtumor = 1 and Dtumor = 120 Gy, Equation (5) would yield a
treatment activity of 1.21 MBq (considering ρ = 1.05 g/cm3). On the other hand, if Equation (7) is
used instead of Equation (4) a prescribed activity of 1.62 MBq is obtained. As previously outlined,
the cause of this difference is a result of a significant energy deposition outside the sphere (about 26%
of the β-particles energy is delivered outside the sphere, as reported in Figure 1). As a consequence,
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a therapeutic activity of 1.21 MBq would actually correspond to an absorbed dose of about 90 Gy,
well below the therapeutic endpoint.

As mentioned, the intratumoral injection of 90Y is likely to pose specific treatment planning issues
related to the possibility of treating very small lesions very selectively. In his seminal paper [29],
Ariel reported the first interstitial use of 90Y microspheres for the treatment of a rhabdomyosarcoma.
A nodule measuring 1.5 cm in diameter was successfully treated with interstitial injection of 185 MBq
of microspheres. In another study [30], 90Y-glass microspheres were injected into predetermined
tumor sites using an ultrasound-guided procedure. Tumor size ranged from 1.9 to 8.8 cm, with most
lesions being less than 5 cm in diameter [30]. More recently, Ferrari and co-workers assessed the
absorbed doses to small-volumes brain neocavities and surrounding tissues after local 90Y-DOTATOC
injection [5]. A recent review of the literature on the intratumoral treatment with radioactive
beta-emitting microparticles can be found in [31].

The evidence from this study suggests that caution must be taken when planning the treatment
of very small lesions with 90Y, implementing the standard analytic approach. This is particularly
true when intratumoral administration of 90Y is performed, as this approach allows sub-centimeters
tumors to be selectively treated. In such a scenario, the use of the analytic approach to calculate the
therapeutic activity needed to achieve a given tumoricidal endpoint may result in important dose
underestimations. On the other hand, Equation (7) can be usefully employed in the treatment planning
of spherical lesions of small size (down to 0.5 cm diameter) providing dose estimates in close agreement
with Monte Carlo calculations (maximum deviation below 0.5%).

Finally, two potential limitations need to be considered. The first is that in the present study
tumor masses were modelled as perfect spheres. The extent to which it is possible to extend the present
results to irregular spheres (e.g., oblate spheroids) should be further investigated. Another limitation
is that in this study we considered a uniform distribution of the radionuclide into the spheres. As a
consequence, the findings might not be representative of situations where the radionuclide is not
homogeneously distributed in the tumor region.

5. Conclusions

In this paper the absorbed dose in small lesions was assessed using Monte Carlo calculations in a
scenario of percutaneous ablation using 90Y microspheres embedded into a sealant matrix (BAT-90).
Furthermore, an analytical formula derived from MC calculations that incorporates the absorbed
fractions for 90Y is proposed. In a scenario of intratumoral injection of microspheres, the proposed
equation can be usefully employed in the treatment planning of spherical lesions of small size (down
to 0.5 cm diameter) providing dose estimates in close agreement with Monte Carlo calculations
(maximum deviation below 0.5%).
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