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Abstract: This study compares dosimetric approaches for lung dosimetry in 166Ho ra-
dioembolization (Ho-TARE) with direct Monte Carlo (MC) simulations on a voxelized
anthropomorphic phantom derived from a real patient’s CT scan, preserving the patient’s
lung density distribution. Lung dosimetry was assessed for five lung shunt (LS) scenar-
ios with conventional methods: the mono-compartmental organ-level approach (MIRD),
voxel S-value convolution for soft tissue (kST, ICRU soft tissue with 1.04 g/cm3) and lung
tissue (kLT, ICRU lung tissue with 0.296 g/cm3), local density rescaling (kSTL and kLTL,
respectively, for soft tissue and lung tissue), or global rescaling for a lung mean density of
0.221 g/cm3 (kLT221). Significant underestimations in the mean absorbed dose (AD) were
observed, with relative differences with respect to the reference (MC) of −64% for MIRD,
−93% for kST, −56% for kSTL, −76% for kLT, −68% for kLT221, and −60% for kLTL. Given
the high heterogeneity of lung tissue, standard dosimetric approaches cannot accurately
estimate the AD. Additionally, MC results for 166Ho showed notable spatial absorbed dose
inhomogeneity, highlighting the need for tailored lung dosimetry in Ho-TARE accounting
for the patient-specific lung density distribution. MC-based dosimetry thus proves to be
essential for safe and effective radioembolization treatment planning in the presence of LS.

Keywords: lung shunt; internal dosimetry; Monte Carlo; radioembolization; SIRT; TARE;
lung dosimetry; molecular radiotherapy; liver cancer

1. Introduction
The use of Transarterial Radioembolization (TARE) for cancerous liver lesions is in-

creasingly taking on the role of a curative treatment, moving beyond its traditional use
as a palliative option, which has been the norm until recent times. For instance, TARE is
gaining interest in the clinical landscape of liver diseases as a neoadjuvant approach to
hepatic lobectomy [1] or as a bridge to transplantation [2]. In these new clinical scenarios,
personalized dosimetry becomes essential to assess the tolerability of the treatment, espe-
cially in the presence of a lung shunt (LS), as the absorbed dose (AD) is the only reliable
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risk indicator for the preliminary assessment of the potential occurrence of tissue reactions.
The complications occurring after radioembolization treatment are classified into two

main categories [3,4]: post-radioembolization syndrome (PRS) and complications related
to non-target deposition of the microspheres and cross-irradiation to the structures sur-
rounding the target regions. Clinical evidence of PRS includes symptoms like nausea,
fatigue, vomiting, anorexia, fever and abdominal pain, caused by internal radiation and
microembolization [3].

The off-target distribution of microspheres to non-tumor tissues may result in compli-
cations like radioembolization-induced liver disease (REILD), pulmonary complications
(i.e., radiation pneumonitis), and gastrointestinal (GI) tract complications.

REILD [4–6] arises following normal hepatic parenchyma radiation exposure as a con-
sequence of both the deposition of microspheres in normal parenchyma and the irradiation
of surrounding structures. REILD leads to aberrations and hepatic dysfunction with the
appearance of jaundice and ascites.

Lung complications arise from the non-target deposition of microspheres in patients
with high LS fractions. Radiation pneumonitis symptoms are dry cough, fever, and ventila-
tory dysfunction manifesting within 6 months after treatment, with an incidence rate of
<1% [3,5,6].

The distribution of microspheres in the GI tract can occur in the case of variant anatomy
and circulation, changes in flow dynamics during microsphere infusion, and microsphere
reflux. Even low doses of radiation can compromise gastric acid production with conse-
quent mucosal thinning, edema, and chronic inflammation, leading to gastroenteritis or
ulceration [3,5,6].

Other side effects for the off-target deposition of microspheres are pancreatitis and chole-
cystitis, which could also arise from unexpected cutaneous and gallbladder embolization.

In this scenario, internal dosimetry evaluation plays a crucial role in preventing com-
plications and effectively managing the clinical outcomes of radioembolization treatment.

The traditional eligibility criteria based on generic thresholds of pulmonary activ-
ity [7,8] are highly conservative, not patient-specific, and are no longer adequate, as they
do not provide an appropriate level of personalization, which may lead to the exclusion
of patients more easily, thereby limiting the therapeutic potential of TARE. Recently, a
dosimetric study on 90Y-labeled microspheres was conducted to evaluate the accuracy
of conventional and simplified methods for personalized lung dosimetry, in comparison
with the Monte Carlo (MC) direct radiation transport simulation technique [9]. The results
demonstrated the inadequacy of simplified methods due to the high heterogeneity of lung
tissue (LT) and the range of values skewed toward low tissue densities, highlighting the
need for MC simulation of radiation transport.

In TARE with 90Y-labeled microspheres, pre-treatment dosimetry is performed using
a gamma-emitting radiotracer, typically 99mTc-labeled macroaggregated albumin (99mTc-
MAA), and evaluated via single-photon emission computed tomography (SPECT) imag-
ing [7,8]. This choice historically stems from the lack of suitable imaging channels for 90Y,
necessitating the use of a different radiotracer. Even if 90Y possesses a small channel of
internal pair creation that allows positron emission tomography (PET) imaging [10], the
use of 90Y microspheres as a pre-treatment radiotracer, given the low branching ratio (about
3 × 10−5 pairs/decay [10,11]), would require high activities to perform imaging acquisition
with sufficient resolution to be used for dosimetric evaluation. Nevertheless, the use of
99mTc-MAA to simulate the biodistribution of therapeutic microspheres is intrinsically
biased, being two different physical agents and not accurately reproducing the actual
biodistribution of the treatment microspheres [12–14].

In recent years, a new therapeutic device based on poly-L-lactic acid (PLLA) micro-
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spheres labeled with 166Ho (Ho-MS) has been approved for clinical use (Quiremspheres®,
Terumo Therapeutic Interventional Oncology, Deventer, Netherlands) [15]. 166Ho is a β−

emitter with a half-life of approximately 26.8 h, exhibiting multiple β-decay pathways. The
two most probable decay channels have average energies of 0.651 MeV and 0.693 MeV, with
probabilities of 49.9% and 48.8%, respectively, decaying either to the first excited state of
166Er (followed by a characteristic gamma emission of approximately 81 keV) or directly to
its ground state [16]. The primary advantage of Ho-MS lies in its multiple imaging-friendly
properties: the intrinsic gamma emission allows for SPECT imaging, enabling pre-treatment
biodistribution evaluation with a small amount of Ho-MS as a scout dose, which increases
the predictive accuracy of pre-treatment dosimetry and may improve treatment precision
and efficacy [17]. Additionally, the paramagnetic nature of Ho-MS enables magnetic reso-
nance imaging (MRI), significantly enhancing the spatial resolution of the biodistribution,
and potentially improving the dosimetric assessments [18]. Another promising approach is
dual-isotope imaging, where both Ho-MS and 99mTc-stannous phytate are administered
simultaneously, allowing for the visualization of both healthy liver tissue and lesions.
However, this approach presents technological and timing challenges [19].

According to current European guidelines [8], lung dosimetry in TARE using Ho-MS
is addressed through a mono-compartmental model based on the well-established MIRD
schema, which evaluates the LS fraction using planar imaging of 99mTc-MAA and calculates
the absorbed dose assuming a standard lung mass of 1 kg. The upper limit is set at a 30 Gy
mean absorbed dose (AD) in the lungs, associated with a 20% LS, based on this assumed
lung mass. In the case of TARE with Ho-MS, investigating the accuracy of traditional,
simplified approaches for lung dosimetry is also advisable, especially due to differences
in the decay spectrum compared to 90Y, as 166Ho exhibits multiple low-energy β− decay
channels, along with more numerous and intense electron-capture (EC) decay emissions.

This study aims to compare the most common dosimetric approaches for calculating
the AD in the lungs in 166Ho TARE, using MC simulation as a reference. The MC simulation
models direct radiation transport on a CT-based anthropomorphic voxelized phantom,
with realistic lung density distributions across various LS scenarios. This work serves
as Part B of a previously published paper focused on 90Y TARE [9]. In the final section,
comparisons are reported between the MC results for both radionuclides, along with an
analysis of the equivalent dose at 2 Gy per fraction (EQD2) [20] distributions for each.

2. Materials and Methods
2.1. Anthropomorphic Voxelized Phantom and Common Dosimetric Methods

The same phantom described and used in a previously published paper [9] was
employed in the present study, following the same rationale. Here is a brief summary
of its characteristics: the CT scan (voxel size of 1.37 × 1.37 × 3.27 mm3) of a healthy,
normotype patient (weighing 72 kg and 166 cm tall) was segmented with ITK-Snap soft-
ware (version 3.8.0) [21] into six tissue classes (air, lungs, adipose tissue, soft tissue, liver,
and bone) and resampled to cubic voxels with a 2.21 mm side (converting a volume of
about 6.1 mm3 to 10.8 mm3) using 3D-Slicer software (version 5.2.2)’s [22] built-in module
“Resample Scalar Volume” with the “Nearest Neighbor” algorithm [23].

Three spherical lesions with a density higher than the liver parenchyma (1.2 g/cm3

and 1.04 g/cm3, respectively [24,25]) were introduced with diameters of 10, 20, and 30 mm.
For lung tissue, the actual spatial density distribution of the patient was assumed, based
on the HU-density calibration of the CT scanner. Table 1 summarizes the main density
features of the lungs.
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Table 1. Summary of the main characteristics of the density distribution of the phantom’s lungs,
including mean, median, and most probable value (MPV). All reported values are in g/cm3. The
distribution is positively skewed, with most of the voxels belonging to the low-density region. The
lungs’ volume is 3292 mL with a corresponding mass of 727 g.

Minimum Maximum Mean Median MPV

0 1.06 0.221 0.179 0.130

Five activity distributions were considered, with specific LS conditions (0%, 10%, 20%,
30%, 40%) and a fixed activity concentration ratio between lesions and healthy liver of 5:1,
assuming a uniform distribution of microspheres within each compartment. Numerical
values representing the activity concentration in each voxel were determined using the
“relative calibration” method [12].

The use of an anthropomorphic phantom created from a CT scan allows us to define a
realistic and controlled framework to test several approaches of internal dosimetry.

Several common dosimetric methods were tested in this study (Table 2), namely the
mono-compartmental organ-level model of the MIRD Committee (hereinafter referred to
as MIRD), convolution with voxel S-values (VSVs) using the soft tissue (ST) (kST) and
the lung tissue (LT) kernel (kLT), both computed with dedicated MC simulations (further
details in the following section).

The MIRD model [7,8,26,27] is a widely used approach for dosimetry at the organ level
with beta-emitter radiopharmaceuticals. It allows the computation of the mean absorbed
dose within a specific 3D ROI, based on the activity in that ROI and the ROI’s mass, under
the assumption of a uniform radionuclide distribution in a homogeneous medium with
complete energy deposition within the compartment. While the MIRD model is routinely
employed for liver dosimetry, it has also been proposed for lung dosimetry with additional
approximations, such as assuming a lung mass of 1 kg and neglecting the contribution
from the hepatic dome to the homolateral lung. In this study, the MIRD approach was
applied using the specific mass (727 g) of the reference phantom.

The convolution with the VSV [28–30] employs a 3D kernel of values representing the
absorbed dose per decay in a target voxel with its centroid at position (i, j, k), due to the
source voxel positioned at (0, 0, 0). The VSV kernel is computed using dedicated Monte
Carlo (MC) simulations of electron and photon transport in a lattice of uniform biological
tissue (e.g., soft tissue or lung tissue) with well-defined characteristics. This kernel is then
convolved with the time-integrated activity distribution map to derive the absorbed dose
map. In this study, VSV kernels for both soft tissue and lung tissue were considered for
166Ho. The absorbed dose was subsequently corrected for local density variations relative
to the uniform tissue density assumed in the VSV calculations, with rescaling based on the
CT-derived voxel density.

Local energy deposition (LED) was not considered suitable for dosimetry with Ho-MS
due to the presence of γ emissions, which result in unavoidable radiation transport outside
the source voxels. First-order (local) density corrections to the convolution results from
both tissues (kSTL and kLTL, respectively) were applied according to Dieudonné et al. [31].
A global density correction for the convolution results obtained from the lung kernel was
also performed, rescaling for the phantom-specific mean lung density (kLT221).
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Table 2. Summary of the “common” dosimetric methods tested in this study. Each method is
reported together with its corresponding abbreviation (Tag) used throughout the paper, the general
mathematical formulation, and the specific strategy of personalization of the calculations (phantom-
specific feature).

Method Tag General Formulation Phantom-Specific
Feature

Mono-compartmental MIRD 15.87 × A0·LS
Mlungs

(†) Organ Mass

Convolution kernel ST kST Ã ⊗ VSVST
(‡) Activity Distribution

Convolution kernel ST +
Local Rescale kSTL

Ã⊗VSVST
ρ(x,y,z) × ρST

(‡) Activity and Density
Distributions

Convolution kernel LT kLT Ã ⊗ VSVLT
(*) Activity Distribution

Convolution kernel LT +
Global Rescale kLT221

Ã⊗VSVLT
ρlungs

× ρLT
(*) Activity Distribution &

Mean Organ Density

Convolution kernel LT +
Local Rescale kLTL

Ã⊗VSVLT
ρ(x,y,z) × ρLT

(*) Activity and Density
Distributions

(†) The numerical factor [27] accounts for the physical decay of the specific radionuclide and the conversion
factors needed to compute the absorbed dose to the whole organ in Gy. It requires the total administered ac-
tivity in GBq (named A0), the lung shunt fraction percentage (LS), and the mass of the lungs in kg (Mlungs).
(‡) Ã = time-integrated activity map; ⊗ = convolution product; VSVST = soft tissue S-voxel kernel.
(*) Ã = time-integrated activity map; ⊗ = convolution product; VSVLT = lung tissue S-voxel kernel.

2.2. Monte Carlo Simulations

All MC simulations of radiation transport were performed using the GATE/Geant4
code, version 8.1 [32], on a desktop computer equipped with an Intel Core i7 Extreme
Edition 8-Core Processor and 16 GB of Random Access Memory (RAM). The simulations
were set up as described in the previously published work [9]. A brief summary of the
simulation parameters is reported in Table 3.

Table 3. Summary of the simulation characteristics used in this paper. Further details can be found in
a previously published paper [9].

Parameter Value

Volume Parametrization Nested sampling algorithm

Physics interactions model emstandard-opt3

Range Cut 0.1 mm

Number of Primaries
109 for LS ̸= 0%
1010 for LS = 0%

The simulation input files included activity and density map distributions in Metaim-
age format, a file with tissue composition information, and “macro” files with all the
simulation parameters. The density description of the lungs was obtained from the calibra-
tion curve of the CT image, whereas the ICRU lung tissue composition [24,25] was assigned
to all the lung voxels based on user-defined HU ranges to identify the tissue class.

Dosimetric calculations using MC simulations were performed for all the activity
maps defined for the reference phantom (see Section 2.1).
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Additionally, a dedicated simulation was conducted to compute the VSV kernels for
ST and LT (available as Supporting Material of this paper in “.CSV” format), assuming
ICRU soft tissue (density of 1.04 g/cm3) or ICRU lung tissue (density of 0.296 g/cm3) as
medium [24,25,33], each uniformly distributed over a cube with a 600 mm side and cubic
voxels of 2.21 mm. The 166Ho VSV kernels were validated by comparing the AD to the liver
and lungs obtained via convolution with the values from a direct MC simulation. In this
validation, the reference phantom had activity only in the lungs (LS = 10%), or in the liver
(without lesions), with uniform liver and lung densities of 1.04 g/cm3 and 0.296 g/cm3,
respectively.

2.3. Evaluation of Voxel-Based Dosimetric Approaches

Each voxel-based dosimetric approach was evaluated in terms of AD in the lung
region, as shown in Equation (1).

AD =
1

NLungs
∑

x,y,z
AD(x, y, z) (1)

where the sum is taken over all voxels within the lung region of interest (ROI), NLungs is
the total number of lung voxels, and AD(x, y, z) is the absorbed dose in the voxel with its
centroid at the position (x, y, z).

The relative difference (RD) with respect to the reference MC simulation was evaluated
as defined in Equation (2). Correlation plots compare the reference MC AD on the x-axis
with respect to the tested method’s AD on the y-axis for each LS condition.

RD(%) =
Tested − MC

MC
× 100 (2)

As regards the dosimetric comparison between 90Y and 166Ho, MC simulations of both
radionuclides have been evaluated as AD rate (ADr) maps for LS = 10% only. The ADr
maps were compared using cumulative dose–volume histograms (DVH) and homogeneity
index (Equation (3)) as defined by Semerenko et al. [34].

HI =
D5%

D95%
(3)

In targeted radiotherapy (TRT), radiation is delivered continuously with a decreasing
dose rate, causing both lethal and sub-lethal damage, the latter competing with the tissue
repair mechanisms. Since the treatment extends over hours or days, the radiation-induced
damage and the repair of sub-lethal damage occur simultaneously. The biological effective
dose (BED) in the Dale formulation [35,36] quantifies the biological effects of the radiation
delivery patterns taking into account the repair of sub-lethal damage as a competitive
process with the radiation damage. The Dale BED formulation depends on two key
parameters: the tissue’s α/β ratio, which describes tissue sensitivity to radiation, and the
sub-lethal damage repair rate (µ), related to the rate at which single-strand DNA breaks are
repaired. Repair half-times (Tµ) of typical organ tissues range from 0.5 to 3 h [36,37], and
the repair rate is given by µ = log(2)/Tµ. The BED for continuous radiation delivery with
an exponentially decreasing dose rate (Equation (4)) depends on the initial dose rate (R0),
the radionuclide’s decay constant (λ = log(2)/T1/2, where T1/2 is the physical half-life),
the repair rate (µ), and the tissue’s α/β ratio [36].

BEDTRT =
R0

λ
·
(

1 +
R0

(µ + λ) · (α/β)

)
(4)
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Assuming an administered activity of 90Y and 166Ho so that the AD in the whole
liver region was 60 Gy [38], resulting from the mono-compartmental model for the
liver region (Amax(GBq) =

60 Gy·Mliver
DF , where Mliver is the mass of the whole liver in kg

and DF is a dosimetric factor that numerically is 15.87 Gy · kg/GBq for 166Ho [27] and
49.87 Gy · kg/GBq for 90Y [7]), 1.8 GBq and 5.7 GBq were obtained, respectively. The BED
maps were computed by converting the MC voxel AD values using Equation (4). Tµ of
0.5 and 1 h for LT were considered [37], along with an α/β ratio of 3 Gy [39] and the
radionuclide-specific physical half-life (T1/2).

From the BED maps, the corresponding EQD2 maps and the DVHs were calculated
using the linear quadratic model (Equation (5)) [40], considering the values of Tµ for LT.

EQD2 =
BED

1 + 2
α/β

(5)

Additionally, the volumetric lung absorbed dose constraints from external beam
radiotherapy (EBRT) [41], listed in Table 4, have been evaluated on the EQD2 DVHs for the
LS = 10% case.

Table 4. Lungs’ volumetric absorbed dose constraints for conventional fractionation from the COR-
SAIR summary paper [36].

Absorbed Dose Constraint

V40 Gy < 10%
V30 Gy < 15%
V20 Gy < 20%
V10 Gy < 40%
V5 Gy < 50%

Dmean < 20 Gy

Further analysis of the probability of incidence of radiation pneumonitis (RP) for the
LS = 10% case was carried out using the normal tissue probability control (NTCP) curves
extracted from the QUANTEC publication [42]. In particular, a fitted parametrized NTCP
curve with a logistic model (Equation (6)) relative to the AD was used to compute the
incidence of RP for the specific EQD2 of the simulated cases, using the fit parameters
reported by the same publication (b0 = −3.87 and b1 = 0.126 Gy−1, corresponding to an AD
correlated to a complication probability of 50% of 30.75 Gy).

Probability of RP =
eb0+b1·AD

1 + eb0+b1·AD
(6)

3. Results
3.1. VSV Kernel for Soft and Lung Tissue for 166Ho

The LT and ST VSV kernels used for the convolution method are reported in Figure 1
as the AD to the target voxel per unit decay plotted against the source–target distance.

Both kernels were calculated considering the complete decay spectrum of 166Ho,
and considering an extended lattice to properly account for the photon contribution at
high source–target distances. As previously reported [9], it is essential to crop the liver
region activity when performing convolution calculations with the LT kernel, to prevent
abnormally high liver-to-lung cross-irradiation caused by excessive radiation transport
from the liver.

The two kernels were validated using dedicated MC simulations on the corresponding
uniform tissue with uniform activity distributions (see also Section 2.2). The internal
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validation results for 166Ho showed an RD of 1.6% for LT and −0.5% for ST (Table 5), well
within the corresponding uncertainty.

The cross-irradiation contribution to the lungs from the liver region, considering liver-
only activity for the LT kernel, was 0.12 Gy/GBq, compared to 0.04 Gy/GBq as obtained
from the MC simulation under the same conditions.

Table 5. Summary of the internal validation of the VSV kernels. The AD (Gy/GBq) is reported for
the liver, assuming a uniform density of 1.04 g/cm3 for the ST kernel, and for the lungs, assuming a
uniform density of 0.296 g/cm3 for the LT kernel. Results from the MC simulations are compared
with those from the convolution method using the calculated kernels, along with the corresponding
RD between the two methods.

Tissue MC Convolution RD

Soft Tissue 10.41 10.36 −0.5%
Lung Tissue 1.39 1.41 1.6%

Figure 1. VSV kernels (available as Supporting Material of this paper) represented as a plot of the AD
per unit decay to the target voxel (y-axis) versus the source–target voxel distance (x-axis) for the soft
tissue (a) and lung tissue (b) for 166Ho on a square voxel of 2.21 mm side.

3.2. 166Ho Monte Carlo Simulations vs. “Classical” Dosimetric Approaches

The dosimetric results for 166Ho obtained from the MC simulation versus the tested
approaches (Table 2) are shown in the correlation plot in Figure 2.

The relative uncertainty of the MC absorbed dose values at a 95% confidence level
was analogous to the previously analyzed paper on 90Y [9], with a relative uncertainty of
the mean absorbed dose of less than 5% for all the simulated LS cases.

All tested methods severely underestimate the MC results, with an RD of approxi-
mately −64% for MIRD, −93% for kST, −56% for kSTL, −76% for kLT, −68% for kLT221,
and −60% for kLTL. The RD results are reported in Table 6, while the AD of each approach
is reported in Table 7.

Table 6. Lungs’ AD relative differences for all the tested methods with respect to the reference MC
simulations for each LS case.

Lung Shunt MIRD kST kSTL kLT kLT221 kLTL

10% −65% −92% −56% −77% −69% −61%
20% −64% −93% −56% −76% −68% −60%
30% −64% −93% −56% −76% −68% −59%
40% −64% −93% −56% −76% −68% −59%
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Table 7. Lungs’ AD of the reference MC simulation along with the tested methods’ AD for all the LS
cases in units of Gy per GBq of administered activity, as visually represented in Figure 2.

Lung Shunt MC MIRD kST kSTL kLT kLT221 kLTL

10% 6.2 2.2 0.5 2.7 1.4 1.9 2.4
20% 12.0 4.4 0.9 5.3 2.8 3.8 4.9
30% 17.9 6.5 1.3 7.9 4.3 5.7 7.3
40% 23.9 8.7 1.8 10.5 5.7 7.6 9.7

Figure 2. Correlation plot of the mean absorbed dose in the lungs (AD) per GBq of administered
activity, obtained from MC simulations with the reference phantom (x-axis), compared with those
obtained using the methods listed in Table 2 (y-axis). Each point in the data series represents an
increasing LS value (10%, 20%, 30%, and 40%), with a line representing the linear interpolation of
each dataset, provided as a qualitative visual guide only.

For kSTL and kLTL, which showed a lower RD with respect to the reference MC
simulation, an example slice in the coronal view of the AD distributions and the DVHs
were compared with the MC data (Figure 3) for LS = 10% only.

Figure 3. Example slices in the coronal view of the AD spatial distributions (left) for kLTL (a),
kSTL (b), and MC (c), along with their respective color scales, are shown, whereas the plot (right)
reports the corresponding DVH (d). All dosimetric approaches show significant heterogeneity in
the AD spatial distribution. The values of the AD maps and the DVH are given in Gy per GBq of
administered activity.
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The homogeneity of the distribution varies for each method due to the different
radiation transport computations performed by each approach, with HI values of 4.6 for
kSTL, 5.6 for kLTL, and 6.1 for MC.

3.3. 166Ho Versus 90Y Monte Carlo Simulations

To obtain a first comparison of the performance of the two radionuclides, only the
MC simulations for each device have been considered for LS = 10%. To make the AD
distributions of 90Y and 166Ho independent by the differences in the physical half-life of
the two radionuclides, the ADr maps and the corresponding dose rate–volume histograms
(DrVHs) (Figure 4) were computed.

Figure 4. Example slices in the coronal view of the ADr maps (left) of 166Ho (a) and 90Y (b), along
with the corresponding DrVHs (c), are shown for LS = 10%. The data demonstrate a different degree
of inhomogeneity between the two radionuclides, due to the distinct physical characteristics of their
decay spectra.

The ADr distribution of 166Ho appears significantly more inhomogeneous compared to
that of 90Y, a fact supported by the HI, which is 3.5 for 90Y and 6.3 for 166Ho. This difference
is due to the physical characteristics of the decay spectra of the two radionuclides, primarily
the low-energy electron component of the 166Ho spectrum, which is characterized by less
energetic β− decay spectra and discrete electrons [16]. The stronger inhomogeneity of the
ADr distribution of 166Ho implies a stronger correlation of the AD distribution with the
anatomical density heterogeneity of the lung tissue.

3.4. Impact on Clinical Decision-Making: From the AD to the EBRT Dosimetric Constraints
for DVH

All the results hereinafter presented are not intended to be for general application,
given the strong dependence of the computations on the specific activity and density distri-
butions of the evaluated case.

Table 8 summarizes the results for the MC AD, the activity as high as safely adminis-
trable (AHASA), and the maximum lung activity (MLA) to ensure that the AD to the lungs
does not exceed the 30 Gy threshold [7,8] for the specific simulated case.

The MLA was found to be nearly constant across all LS cases, at approximately
500 MBq, due to a negligible contribution of cross-irradiation from the hepatic region to
the lungs.

The AD maps were converted to BED maps using Equation (4), then to EQD2 maps,
from which the DVHs were extracted. In this section, we attempt to simulate a clinical
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evaluation of the LS = 10% reference phantom simulation as if treated with the prescribed
activity (see Section 2.3).

Table 8. MC AD results for all the LS cases and the corresponding activity as high as safely adminis-
trable (AHASA) and the maximum lung activity (MLA). All the results are reported in Gy per GBq of
administered activity.

Lung Shunt MC AD (Gy/GBq) AHASA (GBq) MLA (GBq)

10% 6.2 4.88 0.49
20% 12.0 2.50 0.50
30% 17.9 1.67 0.50
40% 23.9 1.26 0.50

The AD from the MC simulations was found to be 21.4 Gy for 90Y at 1.8 GBq, and
35.3 Gy for 166Ho at 5.7 GBq. This suggests that the treatment with 90Y is safely administra-
ble, while for 166Ho, a reduction in administered activity would be necessary.

Moreover, the mean EQD2 values to lungs were between 13.5 Gy and 14.3 Gy for 90Y
and between 25.7 Gy and 30.1 Gy for 166Ho. The 166Ho results significantly exceed the
reference constraint (see Table 4), confirming the need to reduce the administered activity.

The DVHs of the EQD2 maps are shown in Figure 5 along with the volumetric con-
straints from Table 4.

For the simulated administered activities, 90Y fully meets two constraints (V30 and
V40), while V20 compliance depends on the tissue Tµ. Conversely, 166Ho partially meets
the V40 constraint, depending on the specific Tµ. Neither radionuclide meets the V5 and
V10 requirements.

The probability of RP onset is graphically represented in Figure 6, along with the
points for the LS = 10% case of 90Y and 166Ho for the maximum and minimum Tµ of LT.
The probability of developing RP for the 90Y case is between 10% and 11%, while for 166Ho,
it is between 35% and 48%.

No incidence of RP associated with the volumetric constraints was reported due
to the variability in the NTCP curves of the different datasets shown in the QUANTEC
publication [42].

Figure 5. Cumulative DVHs of EQD2 for 90Y (blue band) and 166Ho (yellow band) for the 0.5–1 h
range of Tµ along with the volumetric constraints (red dots) listed in Table 4.
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Figure 6. AD NTCP model for RP incidence in partial lung irradiation treatments from EBRT as
reported in QUANTEC [42]. The black solid line is the logistic model according to Equation (6) with
parameters b0 = −3.87 and b1 = 0.126 Gy−1, the blue dots refer to 90Y cases, and the yellow ones to
166Ho cases, each for the LS = 10% case and for the labeled Tµ.

4. Discussion
The MC simulation seems to represent the most valuable dosimetric tool in TRT of

low-density strongly heterogeneous tissues such as lung tissue, especially for radionuclides
with a low-energy decay spectrum.

The results of the MC simulations with GATE/Geant4 code have been validated in
previously published works for 90Y [9,43]. Moreover, the results for 166Ho were validated
for both LT and ST in homogeneous lungs (with LS = 10% and a density of 0.296 g/cm3)
and liver (with LS = 0% and density of 1.04 g/cm3), respectively, proving the consistency
of the MC simulations with respect to the VSV convolution (see Section 3.1). A more robust
validation, but beyond the scope of the present work, to assess the reliability of the MC
simulation of strongly heterogeneous low-density lungs, would involve a comparison of
different MC simulation codes.

To ensure that resampling from the original CT resolution to cubic voxels did not
introduce significant density changes leading to notable variations in AD, an additional MC
simulation was performed exclusively on the heterogeneous lung tissue. This simulation
maintained the original CT resolution (1.37 × 1.37 × 3.27 mm3) while assuming a uniform
activity distribution and an LS of 10%. The results were compared with the same hetero-
geneous lungs resampled using the procedure outlined in Section 2.1. The comparison
showed an RD below 1% with respect to the simulation using the original CT resolution.

The analysis of the S-values plot over the source–voxel distance (Figure 1) allows
us to test the main radiation–matter interaction features of 166Ho in ST and LT, primarily
the particle range in Continuous Slowing Down Approximation (CSDA), corresponding
to the abrupt slope change in the shown plots. The CSDA range for the most energetic
end-point electrons of the β− spectrum is approximately 9 mm in ST and 30 mm in LT,
well correlated with the corresponding values for the slope change of about 9.7 mm and
29.8 mm, respectively.

As for 90Y [9], the use of the lung kernel brings the necessity of an image crop of
the activity map to extrapolate the lungs’ activity only to overcome an unwanted cross-
irradiation contribution to the lungs’ AD from the activity in the liver region.

Comparison of the “classical” dosimetric approaches (MIRD, kST, kSTL, kLT, kST221

and kSTL) with the reference MC simulations using 166Ho show a remarkable underesti-
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mation of the lungs’ AD. The largest discrepancies arise for kST, resulting in −93% RD,
and an analogous effect is obtained for 90Y [9], due to the higher density of the soft tissue
used in the VSV calculations compared to the lung density. On the other hand, the best
performance was obtained by the convolution with local density corrections for both ST
and LT, resulting in approximately −56% for kSTL and −60% for kLTL. Notably, the use
of a specific kernel for lung tissue with an ICRU tissue description does not yield better
results in terms of AD, which results in an AD about 12% higher with respect to the kSTL.
This last result is remarkably higher than the analogous previously analyzed results on
90Y [9], strengthening the hypothesis that, for highly heterogeneous low-density tissues,
the description and characterization of the tissue’s density distribution is essential for
accurate lung dosimetry in MRT, especially when the radionuclide involved has abundant
low-energy decay emissions.

It is noteworthy that the LED method is not applicable to 166Ho due to the gamma
emission of 166Ho that makes the assumption of local deposition unreasonable.

Examining the AD spatial distributions of the reference MC simulation in comparison
to the two voxel-based dosimetric methods with stronger physical assumptions (kSTL and
kLTL) for LS = 10%, a pronounced heterogeneity can be easily observed, underscoring the
fundamental importance of quantifying the correlation between the density distribution
and the AD distribution. This is particularly crucial for radionuclides such as 166Ho, which
exhibit sufficiently abundant low-energy β− decay electrons and internal conversion elec-
trons, making the AD distribution more sensitive to morphological heterogeneities.

It is necessary to consider that all results obtained in this paper should not be gen-
eralized as a global trend for data obtained by each method; thus, all results are specific
to the simulated phantom, and the assumption of the same RD in clinical practice should
be discouraged. However, the general performance of each method is representative
of its limitations, with the major differences arising from the physical assumptions of
each approach.

Looking at the ADr spatial distribution differences in the MC simulations of 90Y and
166Ho for the LS = 10% case, it is clear that 166Ho exhibits a more heterogeneous distribution
than 90Y, with a doubled HI. These remarkable spatial ADr differences, together with
variations in the absolute ADr values, arise because the decay spectrum of 166Ho includes
a greater variety of low-energy emissions, leading to a highly inhomogeneous dose rate
distribution that is strongly dependent on the anatomy of the individual patient. This
makes the choice of methods that account for radiation transport particularly important,
especially for settings like LT.

To our knowledge, there are no prior studies on 166Ho lung dosimetry; thus, this study
serves as a groundbreaking MC-based investigation into lung dosimetry for 166Ho-labeled
microspheres liver radioembolization, highlighting the need and specific challenges of lung
dosimetry for this therapeutic device.

Studying the potential clinical impact of the results presented in this work, it is evident
from Table 8, as previously demonstrated for 90Y [9], that the primary determining factor
for AD in the lungs is the activity present in the pulmonary region. For the examined case,
to prevent the lungs from reaching the 30 Gy limit advised by international guidelines [7,8],
the maximum activity that lung tissue can tolerate is approximately 500 MBq, correspond-
ing to a maximum administrable activity ranging from 4.88 GBq to 1.26 GBq along with
increasing LS.

The clinical impact becomes even more significant when attempting to simulate a
treatment for both 166Ho and 90Y for the case of LS = 10%. Planning the treatment according
to the guidelines of the Ho-MS manuals [15], it is necessary to administer an activity
sufficient to achieve 60 Gy to the whole liver using the mono-compartmental MIRD model.
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Using the same criterion for both radionuclides, a treatment activity of 1.8 GBq for 90Y and
5.7 GBq for 166Ho was assumed. According to these prescriptions, the AD to the lungs for
166Ho exceeds the 30 Gy limit. Converting the AD map with these administrations into
EQD2 by applying the corresponding BED values, the corresponding AD in EQD2 again
exceeds the constraints for EBRT listed in Table 4. Evaluating the volumetric distribution
of EQD2 with the DVH for each radionuclide, the five volumetric constraints in Table 4
are mostly met for 90Y, while for 166Ho, almost all of them are violated, except for V40

depending on the considered Tµ. However, in both cases, the constraints associated with
low isodoses are violated for both devices. This is primarily due to the fact that the
constraints considered pertain to partial irradiations of lung tissue in EBRT treatments, not
suitably matching the simulated irradiation conditions, i.e., uniformly distributed activity
distribution. This characteristic also limits the strength and validity of the evaluation of all
the volumetric constraints considered.

An additional point is brought by evaluating the probability of radiation-induced
pneumonitis based on known NTCP curves for partial lung irradiation from EBRT [42],
indicating a probability between 10% and 11% for 90Y and between 35% and 48% for 166Ho
according to the interpolation of the BED concept. However, again, these values should be
considered with caution, as they refer to datasets based on partial lung irradiations, where
the probability of RP is strongly dependent not only on the absorbed dose but also on the
irradiated area.

The high dose values recorded in this study should be regarded as entirely case-
specific and remarkably influenced by the morphological characteristics of the lung tissue
considered, which in this specific case has a significantly low density and a small volume,
representing a particular case where dosimetric verification is particularly crucial.

To emphasize the importance of the results already discussed, a patient treated with
166Ho with a LS of approximately 11% was evaluated. This patient was characterized
by a lung mass of 908 g and a mean density of 0.28 g/cm3, compared to the reference
phantom lung mass of 727 g and a mean density of 0.22 g/cm3, and a liver lesion located
superficially on the hepatic dome at the liver–lung interface. The SPECT imaging revealed
a difference in uptake between the ipsilateral lung and the contralateral one, with the
former showing slightly higher activity, primarily attributable to the combined effect of the
imaging acquisition protocol and the superficial position of the liver lesion. The prescribed
activity for the patient was 4.33 GBq, resulting in an average lung dose of 19.3 Gy from the
MC simulation, which can be compared to the analogous value for the phantom with an
LS of 10%, which is 26.6 Gy. This significant difference in AD is mainly due to the mass
difference with respect to the phantom’s lungs.

Evaluating the corresponding probability of RP occurrence according to the previously
outlined model and within the discussed limits, it is found to be between 10% and 11% for
the actual patient and between 18% and 23% for the reference phantom, depending on the
considered Tµ.

Lung dosimetry remains a crucial issue in TARE in the presence of LS. The need to
pay major attention to the dosimetric analysis of patients with considerable levels of LS,
even when below the treatment exclusion levels emphasized by international guidelines,
becomes highly significant given the new clinical role that this therapeutic option is assum-
ing, transforming from a simple palliative tool to a curative approach as a bridge to liver
transplantation [2] or for downstaging lesions for subsequent surgical intervention [44]. In
this context, personalized treatment planning becomes a fundamental tool at the service
of clinical practice, shifting the focus from a mere assessment of the amount of activity
present in the pulmonary compartment to a specific dosimetric evaluation, both in terms
of the mean dose absorbed by lung tissue and in terms of the spatial distribution of the
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absorbed dose. This evaluation, combined with the use of appropriate constraints on the
corresponding DVHs, could help manage the specificities of patients in a targeted manner,
potentially expanding the horizon of treatable patients with RE.

A useful approach to the decision-making process is certainly the definition of a prob-
ability of adverse effects’ occurrence at a certain level of exposure of healthy tissue through
NTCP curves. Therefore, it is beneficial for radioembolization therapy to have models
specifically tailored to this irradiation modality, along with dosimetric constraints on DVHs
derived from future studies on patient cohorts.

Currently, the most reliable approach for lung dosimetry appears to be the direct sim-
ulation of radiation transport using MC code, allowing for a complete consideration of the
specificity of patient characteristics from both morphological and functional perspectives.

We do not claim that the results presented in this research are a generalizable guideline;
each treated case requires independent evaluation. Moreover, a real case is also affected
by the specifics of emission imaging, a topic neither addressed nor considered in the pre-
sented results.

Future studies could analyze the impact of various clinical scenarios to better assess the
benefits of direct MC simulations and their role in the clinical landscape of lung dosimetry
in liver radioembolization.

5. Conclusions
Lung dosimetry tailored for 166Ho radioembolization is a fundamental step in the

treatment workflow for patients undergoing these procedures, especially in cases where
involvement of the pulmonary compartment is significant enough to create a risk for the
development of adverse effects such as radiation pneumonitis.

This study demonstrates that, due to the significant heterogeneity and low density
of lung tissue, the radiation transport from radionuclide decay is substantial, making
conventional dosimetric calculation methods inadequate for accurate dosimetric evaluation
under these conditions.

Furthermore, this study has shown that the complexity of the 166Ho spectrum demands
a proper dosimetric evaluation and morphological framework to correctly manage possible
correlations between the heterogeneity of the absorbed dose distribution in lung tissue and
potential adverse effects.

The MC simulations comparing 166Ho and 90Y showed a significant difference in the
spatial distribution of ADr between the two radionuclides, with greater ADr heterogeneity
for 166Ho due to its generally lower energy and complex decay spectrum.

In this context, internal dosimetry using direct radiation transport simulation with
Monte Carlo code has become an applicable approach in the clinical scenario, even with
common hardware tools, with computation times fully compatible with everyday practice.
Moreover, the advent of Monte Carlo codes on GPUs is already making the use of this
type of dosimetric calculation tool agile and straightforward, with the potential to further
implement personalized planning, reaching a complexity comparable to that of EBRT
treatments, thereby positively impacting the future treatment and management of patients
undergoing these therapies.

Further understanding of the clinical role of direct MC simulations in lung dosimetry of
liver radioembolization treatments could be improved by analyzing the impact of different
clinical situations, evaluating patients with relatively high and various LS values.

In assessing the probability of adverse effects, it is essential to adopt a robust and
reliable method, such as direct MC simulation, to develop models for evaluating NTCP
curves, potentially paving the way for more advanced and consistent planning strategies
of the TRT treatments.
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