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In the last decades, selective internal radiation therapy (SIRT) has
become a real alternative in the treatment of unresectable hepatic
cancers. In practice, the activity prescription is limited by the
irradiation of organs at risk (OAR), such as the lungs and nontumoral
liver (NTL). Its clinical implementation is therefore highly dependent
on dosimetry. In that context, a 3-dimensional personalized dosim-
etry technique—personalized Monte Carlo dosimetry (PMCD)—
based on patient-specific data and Monte Carlo calculations was
developed and evaluated retrospectively on clinical data. Methods:
The PMCD method was evaluated with data from technetium hu-
man albumin macroaggregates (°°*™Tc-MAA) evaluations of 10
patients treated for hepatic metastases. Region-of-interest outlines
were drawn on CT images to create patient-specific voxel phan-
toms using the OEDIPE software. Normalized 3-dimensional matri-
ces of cumulated activity were generated from 9°mTc-SPECT data.
Absorbed doses at the voxel scale were then obtained with the
MCNPX Monte Carlo code. The maximume-injectable activity (MIA)
for tolerance criteria based on either OAR mean absorbed doses
(Dmean) or OAR dose-volume histograms (DVHs) was determined
using OEDIPE. Those MIAs were compared with the one recom-
mended by the partition model (PM) with Dea, tolerance criteria.
Finally, OEDIPE was used to evaluate the absorbed doses delivered
if those activities were injected to the patient and to generate the
corresponding isodose curves and DVHs. Results: The MIA recom-
mended using Dpean tolerance criteria is, in average, 27% higher
with the PMCD method than with the PM. If tolerance criteria based
on DVHs are used along with the PMCD, an increase of at least 40%
of the MIA is conceivable, compared with the PM. For MIAs calcu-
lated with the PMCD, Dyeqan delivered to tumoral liver (TL) ranged
from 19.5 to 118 Gy for Dpean tolerance criteria whereas they
ranged from 26.6 to 918 Gy with DVH tolerance criteria. Thus, using
the PMCD method, which accounts for fixation heterogeneities,
higher doses can be delivered to TL. Finally, absorbed doses to
the lungs are not the limiting criterion for activity prescription.
However, Dpyean to the lungs can reach 15.0 Gy. Conclusion: Be-
sides its feasibility and applicability in clinical routine, the interest
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for treatment optimization of a personalized Monte Carlo dosimetry
in the context of SIRT was confirmed in this study.
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Liver cancer is the third most common cause of death from
cancer worldwide (7), the most frequent type being hepatocellular
carcinoma (HCC). Notably, because the hepatic portal vein con-
veys blood from the gastrointestinal tract to the liver, this organ is
also the most common place for metastases development. Indeed,
around 50% of patients with colorectal cancer will develop liver
metastases (2) and the median survival of those patients is the
same whether the primary cancer is treated or not. Liver metasta-
ses are therefore the predominant prognostic factor, which makes
their treatment essential. Among the conceivable therapies, surgi-
cal resection or liver transplantation are the most effective for both
HCC and liver metastases. However, in western countries, less
than 20% of patients with liver cancer may benefit from surgical
resection (3,4).

Selective internal radiation therapy (SIRT) was introduced in
clinical practice in the 1990s in Australia as an alternative in the
treatment of unresectable hepatic tumors (5). This therapy, also
called radioembolization, consists of the injection of microspheres
labeled with °°Y into the lesions via the hepatic artery. Thanks to
the vascular specificities of the liver and the tumoral lesions, those
microspheres are trapped preferentially in the tumoral tissue capil-
laries. However, the surrounding tissues can be significantly irra-
diated. Thus, to ensure both the patient’s radiation protection and
therapy optimization, accurate treatment planning must be per-
formed. To achieve that aim, evaluations requiring several steps
are carried out. First, a high-resolution CT scan is acquired. Vas-
cular angiography is then performed to obtain a precise cartogra-
phy of the liver and the lesion vascular beds. If required, prophy-
lactic embolizations might be used to enhance the therapy
selectivity and to prevent microsphere fixations in unwanted loca-
tions. SPECT/CT is finally performed after the injection of tech-
netium human albumin macroaggregates (**™Tc-MAA; Pulmocis;
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Cisbio International), which are supposed to mimic the future
distribution of microspheres.

The maximum activity to be injected to the patient is then
determined using one of the following conventional methods: the
body surface area method (6) or the partition model (PM) (7,8).
The body surface area method is an empiric approach in which
injected activity is adjusted depending on tumor burden (TB)
and the patient’s physical characteristics. The PM is based on
the MIRD approach in which limit values on mean absorbed
doses (Dpean) to organs at risk (OAR), that is, the lungs and non-
tumoral liver (NTL), are considered. Although it accounts more
realistically for the therapy selectivity, the main drawback of
the PM is the underlying assumption of homogeneous activ-
ity distributions within the regions of interest (ROI). Further-
more, conventional methods cannot provide dose-volume histo-
grams (DVHs) that have been shown as extremely valuable for
the assessment of tumor control probability and normal tissue
toxicity (9).

Recent studies have proposed the development of 3-dimen-
sional (3D) dosimetry based on voxel dose kernel convolution for
patients treated for HCC (10,11). The main limitation of this ap-
proach is that it does not account for tissue density nonuniform-
ities and, thus, for their impact on absorbed dose calculations at
the liver boundaries, in particular at the interface between lungs
and soft tissues.

The use of Monte Carlo methods to simulate radiation trans-
port has become the most accurate means to predict absorbed
dose distributions and derive quantities of interest for the
radiation treatment of cancer patients (/2). Some software, ded-
icated to patient-specific Monte Carlo simulations and based on
robust electron transport code, is increasingly called upon to be
used in clinical practice (/3—15). In this context, in collaboration
with the Hopital Européen Georges Pompidou (HEGP, Paris,
France), the OEDIPE software (/4,16) associated with the
MCNPX Monte Carlo code (/7) was used in a retrospective
study of treatment-planning methods in SIRT. Data from 10
patients treated for hepatic metastases using °°Y resin micro-
spheres were collected. Patient-specific Monte Carlo dosimetry
(PMCD) was retrospectively performed at the voxel scale from
99mTc-MAA SPECT data, which describe the activity distribu-
tion heterogeneity. The maximum-injectable activity (MIA) was
determined according to OAR tolerance criteria based on 2 dif-
ferent references: Dye,, and DVHs. The results were compared
with the MIA calculated using the PM. De., to NTL and
tumoral liver (TL), isodose curves, and DVHs were assessed
depending on the MIAs. Taking advantage of Monte Carlo cal-
culation possibilities, dosimetry to the lungs was also achieved.
Finally, a study on computation time and associated uncertainties
was carried out.

MATERIALS AND METHODS

Patient Studies

After signing an informed consent form, patients were treated at
HEGP following an established course of treatment approved by the
institutional review board. This predosimetry study was performed
retrospectively using data, already available, for 10 patients treated
for hepatic metastases from colorectal and endocrine cancers. Data
from a high-resolution CT scan of the thorax—abdomen region, ac-
quired for diagnosis, were collected for each patient to get anatomic
information. Six patients underwent a single **™Tc-MAA evaluation
before treatment, and 4 patients underwent 2 evaluations successively
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with or without additional prophylactic embolizations. Depending on
the therapeutic strategy, these injections were performed either in the
whole liver or in 1 lobe and were followed, 15 d after the last eval-
uation, by SIRT using SIR-Spheres microspheres (Sirtex Medical
Limited) (6). For these 14 evaluations, data from “*™Tc whole-body
scintigraphy and *™Tc SPECT/CT of the abdomen were collected to
assess the activity distribution in the lungs, liver, and abdomen.
These examinations were acquired within 1 h after the *™Tc-MAA
injection on an Infinia-Hawkeye hybrid y camera (GE Healthcare)
equipped with a standard low-energy high-resolution collimator.
SPECT imaging was performed with an energy window at 140
keV £ 10% and 60 frames of 30 s in a 128 x 128 matrix. The
CT scan (120 kV, 2.5 mA) was acquired in axial mode with a 5-mm
slice thickness. SPECT was reconstructed using an ordered-subset
expectation maximization algorithm with 10 subsets and 3 iterations,
Butterworth (0.44,10) prefiltering, Hann (1.56) postfiltering, and
CT-based attenuation correction.

PMCD General Principles

Patient-Specific Voxel Phantoms. TL, NTL, right lung, left lung,
and remaining tissues (RT) were semiautomatically segmented on the
patient CT scan using the imaging module IMAgo of Isogray software
(Dosisoft). TL and NTL were segmented considering the whole liver
for all types of treatments. ROI delineations were then imported into
the OEDIPE software, developed at Institut de radioprotection et de
Streté¢ Nucléaire (IRSN, Fontenay-Aux-Roses, France) (/4,16), to
create automatically a patient-specific voxel phantom. Tissue proper-
ties, such as the density and composition taken from International
Commission on Radiological Protection (ICRP) 110 and 89 (/8,19),
were then attributed to each ROI of the voxel phantom using OEDIPE.
Lungs density was set to 0.779 g-cm~3 and 0.752 g-cm ™3 for men and
women, respectively. NTL and TL densities were set to 1.05 g-cm™3
and RT density to 0.95 g-cm™3 for both men and women. For each
patient, the lungs, NTL, and TL masses (Mg, My, and myy, re-
spectively) were estimated from the patient-specific voxel phantom and
used to calculate the TB, defined as ﬁ

Normalized Patient-Specific 3D Matrices of Cumulated Activity.
The *°™T¢ SPECT/CT scan was first registered on the high-resolution
CT scan using the Volumetrix software (GE Healthcare). Registered
SPECT data were then used to generate a 3D matrix of disintegrations
for the abdomen region. Because the 3D distribution of the *™Tc-
MAA in the lungs is not known due to the lack of **T¢c SPECT/CT
data for the whole thorax, the lung breakthrough (LB) was estimated
from scintigraphy images using lungs and liver ROI. LB was defined

di
Niangs €2 (WLungs ~ MLiver)

as LB = " where dl is the lung thickness, Nrop

Niiver + Niungs g%(m_ungr MLiver
is the number of counts in the ROI—calculated using the geometric
mean of anterior and posterior counts—and ppungs and ppiver are the
linear attenuation coefficient for the lungs and the liver, respectively. For
that study, standard **™Tc SPECT attenuation values were considered:
dl =20 cm, py g = 0.04 em™!, and e = 0.15 cm™! (20). Dis-
integrations, corresponding to this fixation to the lungs, were then ho-
mogeneously distributed in the lungs ROI. Finally, the 3D matrix was
normalized to describe, in each voxel, the number of disintegrations,
expressed in MBq:-s, integrated over time for an injected activity of
1 GBq. The effective period of the radiopharmaceutical was considered
equal to the physical half-life of ®°Y (64.1 h) because the microspheres
are not biologically eliminated and remain implanted in the tissues.
Monte Carlo Simulations and Results Processing. MCNPX is
a general-purpose transport code developed by Los Alamos National
Laboratory (/7). The MCNPX input file, in which the geometry is
described using repeated structures, is provided automatically by
OEDIPE. The °°Y spectrum from ICRP 107 (21) was used for this
study. Finally, the tally F6 was used in MCNPX to estimate the
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absorbed dose deposited in each voxel of the phantom. The complete
methodology developed to generate the MCNPX input file from the
patient initial data is illustrated in Figure 1. Monte Carlo calculations
were performed using the 2.6¢c version of MCNPX on a Sun Fire
X2200 node composed of 2 Opteron quad core processors with a
2.70 GHz CPU and 16 GB of RAM. At the end of Monte Carlo
simulations, the MCNPX output file processing and analysis were
performed using OEDIPE. Mean, minimum, and maximum absorbed
doses in delineated ROI were calculated. Isodose curves superimposed
on the voxel phantom were drawn, and DVHs were generated for each
delineated ROI to provide valuable information for OAR radiation
protection and tumor control.

MIA Calculations

OAR Tolerance Criteria. The MIA was defined as the maximum
activity that could be injected to the patient that ensures OAR
tolerance criteria are met. In practice, the activity actually injected
to the patient will also depend on other clinical aspects, such as
compromised liver status or the patient overall status. In general,
tolerance criteria are based on De,,. In clinical practice at HEGP,
after considering toxicities reported in the literature for SIRT (22,23),
mean absorbed dose limits for the lungs and NTL were set to 30 Gy
(Dimean,NTL = 30 Gy and Dpean Lungs = 30 Gy). Those values were thus
considered for that retrospective study. However, because the lungs
and the liver are parallel organs, a certain volume fraction can be
highly irradiated without impairing the organ function, and tolerance
criteria based on DVHs might be considered. Because no specific
DVH tolerance criteria have been established for SIRT, theoretic tol-
erance criteria, inferred from external-beam radiotherapy follow-up,
were considered in this study. For NTL, the DVH tolerance criterion
states that the volume fraction of NTL receiving more than 30 Gy
should be inferior to 50% (V3o gyntL = 50%) (24), whereas for the
lungs, it relies on 2 simultaneous conditions (24): the volume fractions
of lungs receiving more than 20 and 30 Gy, respectively, should be
inferior to 35% (Vzo Gy,Lungs = 35%) and 20% (V30 Gy,Lungs = 20%)
Because tolerance criteria are defined from absorbed doses, the MIA
was calculated in 3 different ways depending on the dosimetric
method and the type of tolerance criteria: PM and Djean, PMCD
and D;ean, and PMCD and DVHs.

PM. The PM is based on the MIRD schema for radiopharmaceutical
dosimetry (8). For °°Y, the absorbed dose to an ROI (NTL, TL, or
lungs), in Grays, is given as Dyyrp ror = 4;’:;0 ARror, Where mgey is
the ROI mass in grams, and Agcy is the activity in the ROI in giga-
becquerels. For each evaluation, ROI masses and activities were thus
determined using OEDIPE from the patient-specific phantoms and 3D
matrices of activity. The MIA (PM and Dy;.,) Was then deduced using
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Methodology developed to generate MCNPX input file using OEDIPE software.

million histories. MIAs calculated using
these simulations were set as the reference.
To study the impact of the number of
simulated histories on the MIA calculation, additional simulations
were run for 1, 10, 25, and 50 million histories. The relative
error on MIA determination for a n-million-histories simulation
(MIA, M), compared with the reference (MIA gonm), Was defined as

_ [MIA ;oM — MIA |
RE MIA oom .

Absorbed Dose Calculations

Because the PMCD provides a more accurate dosimetry than the
PM, the OEDIPE software was finally used to calculate absorbed
doses at the voxel scale, which could be delivered if the different
values of MIA were injected to the patient. These calculations do not
require additional Monte Carlo calculations because MCNPX output
files can be processed by the OEDIPE software for any value of
injected activity. Finally, mean, minimum, and maximum absorbed
doses were calculated with the OEDIPE software from all these
absorbed dose distributions.

To characterize the cross-fire between the abdomen and the lungs,
MCNPX simulations without lungs fixation were run. Dpe,, to
the lungs, NTL, and TL were calculated from the simulations with
lung counts (Dierror) and from the simulations without lungs
counts (DyoLungs,ro1)- The cross-fire from the abdomen (NTL, TL,
and RT, i.e., the remaining tissues) to the lungs was defined as
%DLungsHTL+NTL+RT = DwoLungstLungs/Dref.Lungsa and the cross-fire
from the lungs to another ROI, either NTL or TL, was defined
as %DROIHLungS = (Dref.ROI - DwoLungs.ROI)/Dref.ROL

RESULTS

Patients and Evaluations Characteristics

Whole-liver and TL masses, TB, T/N ratio, and LB values are
reported in Table 1. Whole-liver and TL masses ranged, respec-
tively, from 1,287 to 5,823 g and from 46 to 2,887 g. The vari-
ability in TB, T/N ratio, and LB was broad. TB values ranged from
3% to 54%. T/N ratios ranged from 0.65 to 3.91, with a mean
value of 1.89 *£ 0.94, and LB ranged from 0% to 7.22%, with
a mean value of 2.47% = 2.07%.

MIA

The results obtained for MIA calculations, depending on the
dosimetric method and the tolerance criteria, are presented in
Table 2. For all evaluations, the MIA increases with the method
accuracy or with the tolerance criteria sophistication. For Dyean
tolerance criteria, the ratio between the MIA recommended by
the PMCD and the one recommended by the PM was, in aver-
age, of 1.27 = 0.14 over all evaluations, with values ranging from
1.11 to 1.65. When only the PMCD method was considered, the
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TABLE 1
Patients and Evaluations Characteristics

Treatment WL TL
type Patient Evaluation mass (g) mass (g) TB (%) T/N ratio LB (%)
WLI P1 E1 2,701 631 23 0.65 2.16
P1 E2 2,701 631 23 0.88 2.23
P2 E3 2,145 229 11 1.89 2.36
P3 E4 2,751 1,432 52 2.90 7.22
P4 E5 1,287 66 5 2.23 0
P5 E6 2,165 458 21 1.61 0
RLI P6 E7 1,777 726 41 1.01 0
P7 E8 5,367 2,887 54 1.73 3.56
P8 E9 1,544 46 3 1.06 1.20
P9 E10 1,444 102 7 2.66 3.16
LLI P2 E11 2,145 229 11 3.91 3.53
P3 E12 2,751 1,432 52 2.84 4.99
P10 E13 5,823 2,662 46 1.10 3.50
P8 E14 1,544 46 3 1.95 0.73
Mean + SD 2,700 + 1,606 924 + 1,061 26 + 20 1.89 £ 0.94 2.47 +2.07
(n=10) (n=10) (n=10) (n = 14) (n=14)
ratio between the MIA based on DVHs and the one based on 3D PMCD

Dinean ranged from 1.12 to 1.94, with a mean of 1.32 = (.24
over whole-liver irradiation (WLI) and right lobe irradiation
(RLI) evaluations. For left lobe irradiation (LLI) evaluations, that
ratio can reach 7.79, with a mean of 5.33 *= 2.26. Finally, the
variability of the ratio between the MIA based on the PMCD
with DVHs and the one based on the PM with D, was broad.
That ratio ranged from 1.40 to 12.88, with a mean of 1.64 *
0.21 over WLI and RLI evaluations and of 7.40 = 4.22 over LLI
evaluations.

Isodose curves superimposed on the voxel phantom were ob-
tained for each evaluation. Figure 2 displays examples of isodose
curves obtained for evaluation E3 with an injected activity of
1 GBq. Isodose curves of highest values (45, 50, and 55 Gy) are
located in the TL.

Moreover, DVHs were calculated for each evaluation for TL
and the 3 OAR (NTL, right lung, and left lung). Characteristic
examples of DVHs obtained for an injected activity of 1 GBq are
shown in Figure 3. First, TL DVHs are clearly shifted toward

TABLE 2
Comparison of MIA Values Depending on Chosen Approach
MIA (GBaq)
Treatment type Evaluation PM,Dmean  PMCD,Dmean’  PMCD,DVHs* MJ?Z“!&?ZZI nmimcffmv; TA'.'X;MJE:;“:

WLI E1 1.53 1.88 2.57 1.23 1.37 1.68

E2 1.62 2.13 2.75 1.31 1.29 1.70

E3 1.45 1.93 2.16 1.33 1.12 1.49

E4 3.56 3.95 7.65 1.11 1.94 2.15

E5 0.83 1.12 1.41 1.35 1.26 1.70

E6 1.48 1.74 2.26 1.18 1.30 1.53
RLI E7 1.08 1.33 1.51 1.23 1.14 1.40

E8 4.68 5.39 7.83 1.15 1.45 1.67

E9 0.95 1.27 1.42 1.34 1.12 1.49

E10 1.01 1.30 1.63 1.29 1.25 1.61
LLI E11 1.76 2.91 22.7 1.65 7.79 12.9

E12 3.42 3.81 111 1.11 2.91 3.25

E13 3.81 4.88 19.5 1.28 3.99 5.12

E14 0.97 1.23 8.13 1.27 6.61 8.38
All types (n = 14) Mean + SD 2.01+1.28 249+ 1.45 6.62£6.93 1.27+0.14 247 +218 3.29 +3.39
WLl and RLI (n = 10) Mean+SD 1.82 +1.27 2.20 + 1.38 3.12 £+ 2.48 1.25+£0.08 1.32+0.24 1.64+0.21
LLI (n = 4) Mean+SD 249+1.35 321+154  1536+6.87 1.33:023 533+£226 7.41:4.23

MIAs obtained with:

*PM and Dpean tolerance criteria.
TPMCD and Dmean tolerance criteria.
*PMCD and DVH tolerance criteria.
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FIGURE 2. Axial (A), coronal (B), and sagittal (C) views of isodose curves
superimposed on patient-specific voxel phantom obtained for evaluation
E3 with an injected activity of 1 GBq. LL = left lung; RL = right lung.

higher doses, compared with NTL DVHs, confirming the treat-
ment selectivity. Second, as expected, the shapes of NTL DVHs
are different depending on the treatment type (Fig. 3). In fact, the
drop along the y-axis of the NTL DVH is much steeper for RLI
and LLI than for WLI. This difference is related to the nontreated
NTL volume in lobar treatments. Finally, on Figure 3, the shapes
of the lungs DVHs show that a large proportion of lungs voxels
receive negligible absorbed doses. Figure 4 shows the lungs DVHs
obtained for an injected activity of 3.95 GBq—the MIA recom-
mended by the PMCD with Dy, tolerance criteria—for evalua-
tion E4 for which the LB was substantial (7.22%). For that eval-
vation, 95% and 5% of the lungs volume received more than 2.4
and 5.0 Gy, respectively.

Finally, absorbed doses at the voxel scale were calculated with
the PMCD method for the 3 values of MIA reported in Table 2.
The mean and range of these absorbed doses are reported in Tables
3-5 for the NTL, lungs, and TL, respectively. The mean and SD
over all evaluations, over WLI and RLI, and over LLI are reported
in the same tables. The fractions of NTL and TL absorbed dose
due to cross-fire from the lungs are reported in Tables 3 and 5,
respectively. The fraction of the lung absorbed dose due to cross-
fire from NTL, TL, and RT is reported in Table 4.

Finally, relative errors on MIA determination with regard to the
number of simulated histories, compared with the 100-million-
histories simulations, are reported in Figure 5. For the MIA rec-
ommended by the PMCD with Dy, tolerance criteria (Fig. 5A),
relative errors were inferior to 0.6% for the 10-million-histories
simulations. For the MIA recommended by the PMCD with DVH
tolerance criteria (Fig. 5B), relative errors were inferior to 4.6%
and 1.5% for the 10-million- and 25-million-histories simulations,
respectively. Relative errors reach a stable value for simulations
from 25 million of histories.

MoNTE CARLO DOSIMETRY FOR SIRT e

DISCUSSION

The interest of patient-specific voxel phantoms was confirmed
by the fact that whole liver masses are predominantly higher than
the reference masses for men and women (/8), and their variability
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(A), E10 (B), and E11 (C) with an injected activity of 1 GBq. LL = left lung;
RL = right lung.
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injected activity of 3.95 GBqg. LL = left lung; RL = right lung.

over patients is broad. This study also stresses the strong dis-
parity in the values of T/N ratio. No correlation was found be-
tween the T/N ratio and the TB or the treatment type (WLI, LLI,
RLI). This point correlates with previous publications highlight-
ing the influence of hepatic vascularization on the fixation dif-
ferential (23). From an optimization point of view, this result
also emphasizes the interest of methods, such as the PM and 3D
personalized methods, which integrate the fixation differential into
the determination of the activity to be injected. Finally, for patients
who underwent two *™Tc-MAA evaluations successively, the LB
varied from one evaluation to the next, implying that the LB has to
be reevaluated each time the injecting conditions are changed.
Regarding calculation time, after, respectively, 7 and 17 h on 1
node, 10-million- and 25-million-histories simulations achieved
errors of less than 5% and 1.5%, respectively (Fig. 5), compared
with the 100-million-histories simulations. Because the time period

between the last ©™Tc evaluation and the *°Y treatment was around 15 d,
those calculation times are thus perfectly acceptable for clinical routine.

The influence of the dosimetric method on activity prescription
is highlighted by the comparison between MIAs obtained with the
PM and the PMCD using Dy, tolerance criteria. For all evalua-
tions, the MIA estimated with the PMCD was superior to the one
estimated with the PM, confirming that tolerance criteria are met
for PM recommendations which are thus conservative. Moreover,
the PMCD, which accounts for both fixation heterogeneities and
cross-fire, contributes toward treatment optimization.

The advantages of DVHs for treatment optimization and
personalization are highlighted by the comparison between MIAs
obtained with the PMCD for tolerance criteria on either Dy, or
DVHs. In fact, for all evaluations, the MIAs estimated with DVH
tolerance criteria were higher and more spread out than the ones
with Dy, tolerance criteria. Their ratio was equal to 1.32 = 0.24
for WLI and RLI evaluations and 5.33 = 2.26 for LLI evaluations.
For WLI and RLI evaluations—excluding E4 and E8, which are
particular cases—MIAs obtained using the PMCD with DVH tol-
erance criteria ranged from 1.41 to 2.75 GBq, a standard range in
clinical practice. For evaluations E4 and ES8, all 3 methods rec-
ommend much higher activities than for other WLI and RLI eval-
uations, a difference that can be explained by large liver volumes
combined with important TB for these patients. For LLI evalua-
tions, MIAs obtained using the PMCD with DVH tolerance crite-
ria ranged from 8.13 to 22.7 GBq; these high values are explained
by the fact that, because the left lobe represents around one third
of the whole liver volume, the injected activity could be increased
significantly while still ensuring a V3o gy less than 50%. More-
over, the 2 highest values were obtained for patients with a low TB
and lesions mainly located in the left lobe. If injected, these ac-
tivities would certainly lead to left lobectomy (25). Thus, depend-
ing on the therapy intent, a tolerance criterion on left lobe instead
of whole liver could be considered to avoid left lobectomy. Fur-
thermore, MIA determination only relied on OAR dosimetry con-
siderations. In clinical practice, other considerations, such as a cir-
rhotic liver, could be more restrictive than OAR dosimetry.
Therefore, by taking advantage of the parallel characteristic of

the liver, DVH tolerance criteria can lead
to an increase of the injected activity,
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which is more or less important depending
on the patient.

Finally, the complete benefit brought by
the PMCD, compared with the PM, is
illustrated by the comparison of the MIAs
obtained with the PMCD and DVH toler-
ance criteria and the ones obtained with the
PM. Thanks to the combination of accurate
absorbed dose calculations with elaborate
tolerance criteria, the PMCD allows an in-
crease of at least 40% of the injected activity
and is thus of high interest for strongly per-
sonalized treatment optimization.

Regarding NTL absorbed doses, the
cross-fire contribution from the lungs to
Dimean (DmeanntL) Was negligible, ranging
from 0% to 0.13%. However, the reliability
of these results is conditioned to the as-

E7

FIGURE 5. Relative errors on MIA determination for D,ean tolerance criteria (A) and DVH toler-
ance criteria (B) for all 14 evaluations with regard to number of histories simulated in MCNPX

calculations.
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sumption of homogeneity for the lungs’
activity distribution. For the MIA based
on PM, Dpean N1 Values were significantly
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TABLE 3

Absorbed Doses to NTL and Cross-Fire Fraction

Absorbed doses to NTL (Gy)

Treatment type Evaluation  %Dnrerungs* (%) MIA (PM,Dpmear) MIA (PMCD, Dpmear) MIA (PMCD,DVHs)
WL E1 0.00 24.4 (0-2.5 x 10?) 30.0 (0-3.1 x 102) 41.0 (0-4.3 x 10?)
E2 0.00 22.8 (0-1.0 x 102) 30.0 (0-1.3 x 102) 38.6 (0-1.7 x 102)
E3 0.02 226 (0.8-8.4x10")  30.0(1.0-1.1 x 10?)  33.5 (1.1-1.2 x 10?)
E4 0.13 27.1 (0-4.9 x 102) 30.0 (0-5.4 x 102) 58.1 (0-1.0 x 109)
E5 0.00 22.1 (0-1.2 x 10?) 30.0 (0-1.7 x 102) 37.7 (0-2.1 x 102)
E6 0.00 25.5 (0-1.9 x 102) 30.0 (0-2.3 x 102) 39.1 (0-2.9 x 102)
RLI E7 0.00 24.2 (0-8.8 x 102) 30.0 (0-1.1 x 102) 34.1 (0-1.2 x 102)
E8 0.11 26.0 (0-1.3 x 102) 30.0 (0-1.5 x 102) 43.5 (0-2.1 x 102)
E9 0.00 22.4 (0-1.3 x 102) 30.0 (0-1.7 x 102) 33.6 (0-1.9 x 102)
E10 0.01 23.3 (0-1.5 x 10?) 30.0 (0-2.0 x 10?) 37.8 (0-2.5 x 10?)
LLI E11 0.01 18.2 (0-2.4 x 10?) 30.0 (0-4.0 x 102) 234 (0-3.1 x 109
E12 0.07 27.0 (0-1.0 x 109) 30.0 (0-1.1 x 103) 87.4 (0-3.2 x 109)
E13 0.07 23.4 (0-2.3 x 102) 30.0 (0-3.0 x 102) 120 (0-1.2 x 109)
E14 0.01 23.6 (0-1.6 x 102) 30.0 (0-2.1 x 10?) 199 (0-1.4 x 109)
All types (n = 14) Mean + SD 0.03 + 0.04 23.8 +2.29 30.0 + 0.0 74.1 + 65.5
WLl and RLI (7 = 10) Mean + SD 0.03 + 0.05 24.0 £1.70 30.0 £ 0.0 39.7 +7.23
LLI (n = 4) Mean + SD 0.04 + 0.03 23.1 + 3.63 30.0 + 0.0 160 + 68.0

*Cross-fire contribution from the lungs fixation to NTL.

lower than the tolerance dose of 30 Gy and quite variable irre-
spective of treatment type. For the MIA based on the PMCD with
Dinean tolerance criteria, Dyean N1, Values were equal to 30.0 Gy
for all evaluations, reflecting the fact that the lungs tolerance
criterion was less restrictive than that of NTL. For the MIA based
on the PMCD with DVH tolerance criteria, Dyean Nt Values ranged
from 33.5 to 234 Gy. Those values, which are superior to the NTL
tolerance criterion based on Dy.,, illustrate the limitation of
Dinean tolerance criteria that do not take advantage of the parallel

characteristics of the liver and the lungs. Dpeannri values
obtained for LLI evaluations (87.4-234 Gy) may seem important,
compared with the ones obtained for WLI and RLI evaluations
(33.5-58.1 Gy). However, because a significant NTL fraction is
spared in lobar treatments, Dy,e,n N1 IS DOt representative of NTL
irradiation. In fact, in left lobe treatments, the DVH tolerance
criterion for NTL (V3¢ gy < 50%) is met, even with a high Dycan.

Regarding lungs absorbed doses, Diean (Dmean,Lungs) do€s not
exceed 4.04 Gy for the MIAs calculated using Dy, tolerance

TABLE 4
Absorbed Doses to Lungs and Cross-Fire Fraction

Absorbed doses to the lungs (Gy)

Treatment type Evaluation %Dyungs<TL + NTL + RT" (%) MIA (PM,Dmean)

MIA (PMCD,Dmean)

MIA (PMCD,DVHs)

WLI E1 20 0.48 (0-3.5 x 10")
E2 22 0.54 (0-4.1 x 107)
E3 14 0.71 (0-2.4 x 10")
E4 4 3.32 (0-3.1 x 107)
E5 100 0.14 (0-4.5 x 10")
E6 100 0.08 (0-4.4 x 10")
RLI E7 100 0.31 (0-4.4 x 107)
E8 11 3.51 (0.6-5.3 x 107)
E9 27 0.22 (0-1.9 x 107)
E10 19 0.50 (0-3.6 x 10")
LLI E11 6 1.16 (0-6.2 x 107
E12 4 2.20 (0-2.5 x 10")
E13 3 1.57 (0-2.9 x 107)
E14 48 0.19 (0-4.0 x 10")
All types (n = 14) Mean + SD 34 + 38 1.07 £ 1.16
WLI and RLI (n = 10) Mean + SD 42 + 41 0.98 + 1.30
LLI (n = 4) Mean + SD 15+ 22 1.28 + 0.84

*Cross-fire contribution from NTL, TL, and RT fixations to the lungs.

0.58 (0-4.3 x 107)

0.71 (0-5.4 x 107

0.94 (0-3.1 x 107

3.68 (0-3.4 x 107)

0.19 (0-6.1 x 107

0.10 (0-5.2 x 107
(

0.38 (0-5.4 x 10"

4.04 (0.7-6.1 x 107

0.29 (0-2.5 x 107
0.64 (0-4.6 x 107
1.92 (0-1.0 x 10?)
2.45 (0-2.8 x 107)
2.01 (0-3.8 x 107)
0.24 (0-5.1 x 107

1.30 £ 1.31
1.16 + 1.45

1.66 + 0.97

0.80 (0-5.9 x 107)
0.91 (0-7.0 x 107)
1.05 (0-3.5 x 10")
7.14 (0-6.6 x 107
0.24 (0-7.6 x 107)
0.13 (0-6.8 x 107)
0.43 (0-6.1 x 107
5.87 (1.0-8.9 x 107)
0.33 (0-2.8 x 107)

0.81 (0-5.8 x 107)
15.0 (0-8.0 x 102)
7.14 (0-8.2 x 107
8.03 (0-1.5 x 102)
1.60 (0-3.4 x 102)

3.583 £ 4.45
1.77 + 2.53

7.94 + 5.50
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TABLE 5

Absorbed Doses to TL and Cross-Fire Fraction

Absorbed doses to TL (Gy)

MIA (PM,Drmean)

MIA (PMCD,Dmean)

MIA (PMCD,DVHs)

15.9 (0-9.7 x 107)
20.4 (0-9.2 x 107
42.6 (1.4-9.0 x 107
77.7 (0-5.2 x 102)
49.2 (2.9-1.4 x 102)
40.9 (0.2-1.9 x 102)
24.6 (0-8.9 x 107)
45.1 (0-1.6 x 109)
23.5 (2.5-1.2 x 102)
62.0 (2.9-1.6 x 10)
71.3 (1.3-2.4 x 10?)
76.0 (0-1.2 x 109)
25.6 (0-2.3 x 10?)
46.2 (0.01-1.1 x 102)

19.5 (0-1.2 x 102)
26.8 (0-1.2 x 102)
56.6 (1.8-1.2 x 102)
86.2 (0-5.8 x 102)
66.9 (3.9-1.9 x 102)
48.1 (0.2-2.2 x 102)
30.5 (0.1-1.1 x 102)
52.0 (0-1.9 x 10?)
31.5 (3.4-1.6 x 102)
79.9 (3.8-2.0 x 102)
118 (2.1-3.9 x 10?)
84.6 (0-1.3 x 109)
32.8 (0-3.0 x 10?)
58.8 (0.01-1.5 x 102)

26.6 (0-1.6 x 10?)
34.5 (0-1.6 x 102
63.3 (2.0-1.3 x 102)
167 (0-1.1 x 109)
83.9 (4.9-2.4 x 102)
62.6 (0.2-2.9 x 102)

(

(

34.6 (0.1-1.2 x 10?)
75.5 (0-2.7 x 102)
35.3 (3.8-1.8 x 102)
101 (4.8-2.6 x 102)
918 (16-3.0 x 109)
246 (0-3.9 x 107)
131 (0-1.2 x 109)
389 (0.1-9.7 x 102)

Treatment type Evaluation %D Lungs” (%)
WLI E1 0.08
E2 0.00
E3 0.01
E4 0.01
E5 0.00
E6 0.00
RLI E7 0.00
E8 0.00
E9 0.04
E10 0.05
LLI E11 0.02
E12 0.02
E13 0.01
E14 0.08
All types (n = 14) Mean + SD 0.02 + 0.03
WLI and RLI (n = 10) Mean + SD 0.02 + 0.03
LLI (n = 4) Mean + SD 0.03 + 0.03

*Cross-fire contribution from the lungs to TL.

44.4 +21.0 56.6 + 28.2 169 + 238
40.2 £ 19.7 49.8 £ 22.9 68.4 + 42.5
54.8 +23.4 73.6 £ 36.4 421 + 348

criteria. For MIAs calculated with DVH tolerance criteria, Dpcan,Lungs
values ranged from 0.13 to 15.0 Gy. Therefore, even if our expe-
rience shows that the lungs irradiation is not the restricting crite-
rion, Dyean,Lungs €an be significant for some evaluations. Finally,
Dinean to the lungs due to cross-fire from NTL, TL, and RT ranged
from 0.09 to 0.88 Gy. However, even if these values are low, it is
important to remember that, because the lungs fixation is un-
known, we assumed a homogeneous distribution for lungs self-
absorption calculations. In fact, Figure 4 shows that, because of
cross-fire, the maximal dose to the lungs reached 34 Gy and that
5% of the lungs receive a dose higher than 5.0 Gy. Thus, if, in
reality, the lungs activity is concentrated in their lower parts, even
higher doses might be reached in these locations.

Regarding TL absorbed doses, the cross-fire contribution from
the lungs to Diean (Dmean, 1) Was negligible, ranging from 0% to
0.08%. For the MIA based on PM, Dyean 1 values ranged from
15.9 to 77.7 Gy, and a high variability was observed irrespective of
treatment type. For the MIA based on the PMCD with D,e,, tol-
erance criteria, Dyean 11 Values ranged from 19.5 to 118 Gy. Those
values are of the same order of magnitude than values reported by
Flamen et al. (26) for liver metastases treated using SIR-Spheres but
are much lower than the ones published by Dieudonné et al. ({7) for
HCC dosimetry based on dose kernels, which ranged from 244 to
1,190 Gy. That difference could be first explained by the easiest
targeting of HCC, compared with hepatic metastases, which are
much more diffuse lesions. That difference could also be related
to the segmentation technique used to define the TL volume, which
is based on thresholding of SPECT data in the Dieudonné et al. (/1)
study. On the contrary, in that study, TL volume was segmented on
CT images without a priori on the activity distribution. For the MIA
calculated using DVH tolerance criteria, Dpean 1 values ranged
from 26.6 to 918 Gy. Therefore, using tolerance criteria on DVHs
allow the delivery of higher doses to TL while preserving OAR
functions. Finally, as representations of the absorbed dose distribu-
tion, isodose curves and DVHs could also be used to foresee the
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response to treatment. In fact, isodose curves can be used to identify
lesions with high or low irradiation, whereas DVHs, along with
minimum and maximum absorbed doses, can be calculated for each
lesion independently.

Finally, it would be of interest to perform, for the same pool of
patients, a dosimetry using dose kernel techniques, because these
can provide good estimates of absorbed doses to the liver with
shorter calculation times once the technique is implemented with
kernels calculated for the right pixel size. Moreover, SPECT
reconstruction was performed with the clinical protocol estab-
lished for ®™Tc at HEGP because it was used for partition model
calculations in clinical routine. Because the Hann postfiltering
might introduce a bias due to the loss in spatial resolution, it could
be interesting to look at the impact on dosimetry of this filter,
compared with more quantitative filters. Furthermore, future
developments of the methodology could include estimations of
absorbed doses to other OAR such as the stomach or gallbladder.
Moreover, to verify the assumption of similarity between MAA
and microsphere distributions, the application of the PMCD
method to perform postdosimetry using °°Y SPECT or °Y PET
data would be valuable. MIA determination would also benefit
from more knowledge on the activity distribution in the lungs
and on the hepatic and pulmonary tolerances to internal irradiation
to better define OAR tolerance criteria for SIRT. In fact, at the
moment, the only DVH tolerance criteria available are the ones
deducted from external-beam radiotherapy follow-up, which may
not reflect the irradiation delivered by SIRT. A dose—effect rela-
tionship, characteristic of SIRT, would thus be of great interest for
both OAR radiation protection and tumoral response.

CONCLUSION

A 3D treatment plan, based on Monte Carlo calculations and
patient-specific data on anatomy and activity distribution, was de-
veloped using the OEDIPE software. With a treatment optimization
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purpose, this personalized dosimetry was performed for fourteen
99mTc-MAA evaluations in the context of SIRT. The PMCD do-
simetry combined with DVH tolerance criteria makes treatment
optimization possible. Absorbed doses to TL were maximized for
each patient depending on its evaluation, thus leading to poten-
tially better treatment efficiency.
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