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Abstract — To go further in the optimization of treatment planning in selective internal radiation therapy (SIRT),
radiobiological aspects can be accounted for with the OEDIPE software and used to design fractionation protocols.
Dosimetry was performed using data from *™Tc-MAA evaluations of 10 patients treated for hepatic metastases with
SIRT. The maximal injectable activity (MIA) was calculated, using a tolerance criterion on BEDnean peathy liver €qual to
54 Gy, s, for different fractionation protocols, varying the number of fractions, the repartition of activity and the time
delay between fractions. OEDIPE was also used to calculate BEDyyea, and the EUD to the tumoral liver (TL) that would
be delivered with those MIAs. Compared with a single-injection protocol, the MIA is increased on average by 23% =+
3%, 36% + 5% and 45% + 7% for fractionation protocols with 2, 3 and 4 equal fractions, respectively, while BED can 11
is increased by 15% + 2%, 23% + 4% and 29% =+ 5%. EUDry, calculated for one evaluation, is increased by 51%, 115%
and 159% using 2, 3 and 4 equal fractions, respectively. For this evaluation, the optimal activity repartition for two-
fraction protocols is (3/4 — 1/4) for time delays of less than 4 days, (2/3 — 1/3) for time delays between 4 and 6 days
and (1/2 — 1/2) for time delays superior to 6 days. Finally, this study confirmed that OEDIPE can be regarded as a tool
for treatment planning optimization and fractionation protocol design in SIRT.
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1 Introduction

Selective Internal Radiation Therapy (SIRT) is an alterna-
tive treatment for unresectable hepatic cancers (Dezarn et al.,
2011). It consists of the injection of **Y-microspheres, either
SIR-Spheres® (SIRTEX) or TheraSpheres® (NORDION),
into the hepatic artery, the differences in the vascularization of
tumoral and healthy tissues leading to a selective targeting of
tumoral lesions. Several steps are required before the micro-
sphere injection. A high-resolution CT scan is first acquired
to describe the liver and lesion anatomy precisely. A vascular
angiography is then performed to obtain a precise cartogra-
phy of the liver and lesion vascular beds and to prevent mi-
crosphere fixations in unwanted locations using prophylactic
embolizations. Technetium human albumin macroaggregates
(**™Tc-MAA; Pulmocis; Cisbio International), which are sup-
posed to mimic the °*Y-microspheres, are then injected and a
SPECT/CT scan is acquired to describe the ™ Tc-MAA spa-

tial distribution.

For SIR-Spheres®, the activity to be injected into the pa-
tient is then calculated using either body surface area (BSA)
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methods or the partition model (PM) (Ho er al., 1996; Gulec
et al., 2006). BSA methods, which are presently used in clin-
ical trials for activity prescription, are based on tumoral and
nontumoral liver (TL and NTL, respectively) volumes and on
the patient’s height and weight without accounting for the
quality of the therapy selectivity. On the contrary, the PM is
based on the MIRD approach in which limit values on ab-
sorbed doses to organs at risk (OARs), i.e. the lungs and NTL
for SIRT, are considered to calculate the maximal injectable
activity (MIA). In present clinical practice, the PM solely en-
ables one to calculate the activity to be injected into the pa-
tient with an approach based on absorbed doses to OARs as
recommended by the 2013/59/EURATOM directive from the
Council of the European Union (CEU, 2013) for therapeutic
applications in nuclear medicine. A recent study (Bernardini
et al., 2014) reported large differences between activity pre-
scriptions of BSA methods and the PM. That study highlighted
the importance of accounting for the differential of fixation be-
tween TL and NTL to both prevent severe toxicities and opti-
mize the injected activity.

However, the absorbed dose calculations used in the PM
do not account for the heterogeneity of the activity distribution
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in the regions of interest (ROIs) and for the cross-fire be-
tween ROIs. A method, called Personalized Monte Carlo
Dosimetry (PMCD), was developed using the OEDIPE soft-
ware (Petitguillaume et al., 2014b) to overcome these lim-
itations by the use of direct Monte Carlo calculations with
patient-specific data on anatomy and activity distribution.
OEDIPE was thus used to carry out retrospective dosime-
try using data from 14 **"Tc-MAA evaluations of 10 pa-
tients treated for hepatic metastases at the Hopital Européen
Georges Pompidou (HEGP, Paris, France) using SIR-Spheres®
(Petitguillaume et al., 2014a). The MIA for tolerance criteria
based on mean absorbed doses or DVHs were calculated and
compared with the PM recommendations. That study demon-
strated the potential of personalized Monte Carlo dosimetry
for treatment planning optimization in SIRT.

The notion of Biologically Effective Dose (BED) (Dale,
1985), which aims to estimate biological effects induced by an
irradiation, was introduced to establish fractionation strategies
in external beam radiation therapies (EBRT) and then general-
ized for brachytherapy and targeted radionuclide therapy. Frac-
tionated protocols enable one to increase treatment efficacy
while keeping a constant incidence and severity of toxicity by
taking advantage of the differences in radiosensitivity and re-
pair time constants between tumoral and healthy tissues (RCR,
2006). Moreover, the Equivalent Uniform Biologically Effec-
tive Dose (EUD) (O’Donoghue, 1999), which enables one to
compare heterogeneous absorbed dose distributions with a ho-
mogeneous distribution which would have the same biologi-
cal effects, can be used to assess the levels of potential tox-
icity and tumor control achieved by a given heterogeneous
absorbed dose distribution using, for example, normal tissue
complication probability (NTCP) and tumor control probabil-
ity (TCP) models. Cremonesi et al. (2008) performed BED
calculations to retrospectively study the potential of fractiona-
tion in SIRT. This study showed that considering multi-cycle
treatments could lead to increasing the administered activity
with an unvaried BED to NTL, thus demonstrating the po-
tential of fractionation for treatment planning optimization in
SIRT. However, those BED calculations were performed using
OLINDA/EXM software considering homogeneous distribu-
tions of the activity in ROISs. In its latest version, the OEDIPE
software enables one to perform BED calculations on the voxel
scale from the heterogeneous absorbed dose distribution ob-
tained with the PMCD. These functionalities were thus used
to study the potential of fractionated protocols in SIRT when
the absorbed dose heterogeneity is taken into account. This pa-
per aims to present the results obtained for fractionated pro-
tocols defined varying the number of fractions, the activity
distribution among fractions and the time delay between frac-
tions; these protocols being evaluated from the calculation of
the BED distribution and EUD that would be achieved with the
given protocol and associated MIA.

2 Materials and methods
2.1 The OEDIPE software

OEDIPE is a user-friendly graphical user interface de-
veloped to perform direct Monte Carlo calculations for
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nuclear medicine applications. Distributions of absorbed dose
and BED can be obtained from patient-specific data describ-
ing the patient’s anatomy and activity distribution. Treatment
planning tools are also available to calculate the MIA that
meets specified tolerance criteria on absorbed doses or BEDs
to OARs for the chosen fractionation protocol. The absorbed
dose and BED distribution along with the EUD to ROIs can
then be obtained for the MIA and the specified fractionation
protocol. OEDIPE’s features were extensively described in a
previous paper (Petitguillaume ef al., 2014b).

2.2 Application to dosimetry in SIRT

The latest version of OEDIPE was used to carry out retro-
spective personalized Monte Carlo dosimetry (3D-PMCD) us-
ing data from 14 ®™Tc-MAA evaluations of 10 patients treated
with SIRT using SIR-Spheres® for hepatic metastases at the
Hopital Européen Georges Pompidou (HEGP, Paris, France).
Detailed data on patients’ characteristics, on the clinical pro-
cedure used to treat these patients at HEGP and on imag-
ing processing were described in previous papers (Bernardini
et al., 2014; Petitguillaume et al., 2014a). Regions of in-
terest outlines were drawn on CT images to create patient-
specific voxel phantoms using OEDIPE. Normalized 3D ma-
trices of cumulated activity were generated from registered
9mTc-SPECT data. As *™Tc-MAA are injected to predict the
90Y—microsphere distribution, predictive absorbed doses on the
voxel scale were calculated with the MCNPX Monte Carlo
code. For the present study, BED 3D distributions were cal-
culated from these absorbed dose distributions using OEDIPE
(Petitguillaume et al., 2014b) with standard values for radio-
biological tissue-specific constants (Cremonesi et al., 2008),
ie. aff = 10 Gy and T, = 1.5 h for hepatic lesions, and
a/f = 2.5 Gy and T}, = 2.5 h for healthy tissues. These values
are not specific to SIRT as, up to now, no values have been
derived using clinical data from SIRT treatments. Therefore,
other values might be more pertinent in the future to estimate
biological effects induced in SIRT treatments.

2.3 MIA calculations and mean BEDs to ROIs

Because the notion of BED enables one to compare dif-
ferent therapies, such as external beam radiotherapy (EBRT),
targeted radionuclide therapies or brachytherapy, in terms of
biological effects, results of nontumoral liver (NTL) irradiation
follow-up from external beam radiotherapy were considered to
define a tolerance criterion on mean BED to NTL. In this study,
this tolerance criterion was thus set to0 BEDpean nTL = 54 Gy2 5,
which corresponds to 5% probability of causing severe hepati-
tis or liver failure within 5 years (Cremonesi et al., 2008) for
standard fractionation protocols delivering a mean absorbed
dose to NTL of 30 Gy in 15 fractions of 2 Gy; the “Gy,5”
unit denotes that the BED has been calculated considering
a/f = 2.5 Gy for the NTL. Based on this BED ea tolerance
criterion, the MIA was calculated for 4 fractionation protocols
defined as 1 to 4 fractions with the total activity shared equally
among the fractions. These MIAs were calculated from the 3D
distribution of BEDs, assuming that the time delay between
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Fig. 1. Results obtained with OEDIPE for evaluation E3 with an injected activity of 1 GBq. IsoBED curves (left) superimposed on the voxel

phantom and BVHs (right).

fractions is at least ten-fold the radioactive decay half-life, i.e.
at least 4 weeks for this application with *°Y. OEDIPE was fi-
nally used to calculate absorbed doses and BEDs on the voxel
scale which could be delivered if these different values of MIA
were administered to the patient. Mean absorbed doses and
mean BEDs to ROIs, i.e. the lungs, the tumoral liver (TL)
and NTL, were obtained along with isodose curves, DVHs,

isoBED curves and BVHs.

2.4 EUD calculations

For this study, the EUD delivered to TL (EUDyy. ), which
is of interest to evaluate tumor control, was calculated using a
standard value of & = 0.35 Gy~! (O’Donoghue, 1999). These
calculations were performed for one evaluation (E3) using the
BED distribution, obtained considering time delays between
fractions of at least ten-fold the radioactive decay half-life,
and the MIAs associated with fractionation protocols with 1
to 4 fractions; the total activity shared equally among the frac-

tions.

2.5 Time delay between fractions

To study the impact of the time delay between fractions,
the BED distribution was calculated for one evaluation (E3)
with the equation defining the BED distribution with finite
time delays between fractions; this equation was described in a
previous paper on the OEDIPE software (Petitguillaume et al.,
2014b). The MIA was calculated for two fraction protocols,
varying the time delay between fractions from 1 to 28 days
and the repartition of the activity among fractions. For these
protocols and MIAs, the mean BED to TL (BED yean L) Was

finally calculated using OEDIPE.
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3 Results
3.1 Absorbed dose and BED distributions

IsoBED curves superimposed on the voxel phantom and
BVHs for TL and OARs (NTL and both lungs) were obtained
for each evaluation. The isoBED curves and BVHs obtained
for evaluation E3 with an injected activity of 1 GBq are shown
in Figure 1.

3.2 Fractionation protocols, MIAs and BEDyean, 11

The values of MIAs obtained for the 4 fractionation pro-
tocols with a tolerance criterion on BED ean NTL, When BED
distributions are calculated considering time delays of at least
ten-fold the radioactive decay half-life of *°Y, are reported in
Figure 2a for all 14 evaluations. To quantify the added value of
each additional fraction, the percentage of increase in the MIA
from one protocol to the next was calculated. On average, us-
ing 2 fractions instead of 1 enables one to increase the MIA by
23% + 3%, using 3 fractions instead of 2 leads to an increase
of 11% =+ 2%, and using 4 fractions instead of 3 enables one
to increase the MIA by 6% =+ 1%. Mean BEDs that would be
delivered to TL if these MIAs were injected into the patient are
reported in Figure 2b for all 14 evaluations. On average, using
2 fractions instead of 1 enables one to increase BEDyean 11 by
15% + 2%, using 3 fractions instead of 2 leads to an increase
of 7% + 1%, and using 4 fractions instead of 3 enables one to
increase BEDpean 11, by 5% + 1%.

3.3 EUD calculations

The value of EUDyp obtained for evaluation E3 for a
single-injection protocol was 16.3 Gy. The values of EUDy,
obtained for the same evaluation were 24.7 Gy, 35.0 Gy and
42.2 Gy for fractionated protocols with 2, 3 and 4 fractions, re-
spectively, considering an equal repartition of the MIA among
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the fractions and time delays between fractions of at least ten-
fold the radioactive decay half-life.

3.4 Time delay between fractions

MIAs for protocols with two fractions were calculated for
evaluation E3 considering twelve different time delays be-
tween fractions, varying from 1 to 28 days, and four differ-
ent repartitions of the MIA among the fractions. The MIA and
BEDean T, as a function of the time delay between fractions,
are reported in Figures 3a and 3b, respectively, each individ-
ual curve being related to one repartition of the MIA between
the two fractions. Each curve presents a transition phase for
time delays of less than 15 days followed by an asymptotic
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phase reaching the value obtained when the BED distribution
is calculated using equation (2). The optimal repartition of the
activity between the two fractions depends on the time delay
between the two fractions; repartition (3/4 — 1/4) is optimal
for time delays of less than 4 days, repartition (2/3 — 1/3) is
optimal for time delays between 4 and 6 days, and repartition
(1/2 — 1/2) is optimal for time delays of more than 6 days.
However, compared with a two-fraction protocol with a time
delay of at least ten-fold the radioactive decay half-life, short-
ening the time delay between the two fractions leads to a de-
crease in the MIA and BEDyeqan 1. For evaluation E3, MIA
and BEDpean 1. decreases are inferior to 8.7% and 5.9%, re-
spectively, compared with the asymptotic values for repartition
(1/2 — 1/2); these differences fell below 2.5% for BEDpean 1L
for time delays superior to 3 days.
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4 Discussion

The potential of performing a personalized Monte Carlo
dosimetry from the ®™Tc-MAA evaluation for the optimiza-
tion of treatment planning in SIRT was confirmed in a previ-
ous study (Petitguillaume et al., 2014b). With this personalized
technique, the differential of fixation between TL and OARs,
the heterogeneity of the activity distribution in the ROIs and
the cross-fire between the ROIs are accounted for in the calcu-
lation of the 3D distribution of absorbed doses. Moreover, be-
cause a tridimensional distribution of absorbed doses is avail-
able, it can be used in SIRT to calculate the maximal injectable
activity (MIA) with different tolerance criteria on OARs to
take advantage, for example, of the parallel characteristics of
the OARSs, i.e. the lungs and NTL. It was also shown that this
methodology would be applicable in clinical routine for treat-
ment planning in SIRT, considering computational time, the
automation of several steps in OEDIPE and the time delay
between the " Tc-MAA evaluation and the *°Y-microsphere
treatment.

The potential of the radiobiological module implemented
in the latest version of OEDIPE was demonstrated in the
present study. For given values of radiobiological parame-
ters, it enables one to calculate the BED distribution and the
MIA related to tolerance criteria on mean BEDs to OARs for
fractionation protocols, along with the EUD and BEDyean 11
that could be delivered with these protocols. The results ob-
tained for the 14 evaluations and fractionation protocols with 1
to 4 equal fractions show that the higher the number of frac-
tions, the higher the total MIA, the higher the BEDeqn 11, and
thus the higher the tumor control, with the same level of tox-
icity for NTL. For evaluation E3, this point was further high-
lighted by the fact that the higher the number of fractions, the
higher the EUDtr; compared with a single injection, EUDty
is increased by 51%, 115% and 159% using 2, 3 and 4 frac-
tions, respectively. Moreover, for these fractionation protocols,
the results obtained for BEDyeqn 11, for the 14 evaluations and
for EUDt for evaluation E3 show that adding a second frac-
tion has more added value than adding a third or a fourth one.
Therefore, considering potential risks for the patient in mul-
tiple fraction treatments and medical costs, the optimization
tool in OEDIPE for fractionation protocols could help medical
staff to find the best compromise between tumor control, OAR
toxicity and treatment practical feasibility.

Furthermore, for the lesions, the heterogeneity of the ab-
sorbed dose distribution might be problematic. In fact, some
fractions of the lesions might be under-irradiated while other
parts receive a dose superior to the dose threshold for cell
killing; the additional dose above this threshold being unhelp-
ful in terms of cell killing. On this point, EUDyy is thus of ad-
ditional added value to evaluate the benefit provided by each
additional fraction in terms of tumor control. The small in-
crease in BEDpean 11 achieved by the third fraction could lead
one to choose a two-fraction protocol. However, in the mean-
time, the EUDpy, increase for this third fraction reaches 42%
for evaluation E3 compared with 51% with the second fraction.
Therefore, even if this trend would need to be confirmed by the
calculation of EUD1y, for the other evaluations, this third frac-
tion might be of interest, in terms of tumor control, despite
additional risks for the patient and medical costs. Calculations
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of EUDry, for each patient might thus constitute useful addi-
tional information to design fractionation protocols.

These results were obtained from BED distributions as-
suming that the time delay between fractions was at least ten-
fold the radioactive decay half-life to be able to consider that
the residual activity from the previous fractions was negligible.
This methodology also assumes that the activity distribution
will be identical from one fraction to the next, which might
be inadequate with large time delays between fractions due
to changes in tissue vascularization, ROI volumes and lesion
necrosis over time. New *"Tc-MAA evaluations performed
between fractions could be used to update knowledge on the
activity distribution. Calculations of absorbed doses and BEDs
could then be refined during the course of treatment and used
to adjust the MIA for the following fractions.

Considering shorter time delays between fractions could
also guarantee a better similarity of the activity distributions
between fractions. However, even if the trend would need to
be confirmed by running the same study for other evaluations,
the results obtained for evaluation E3 for two-fraction proto-
cols with different time delays and activity repartition tend
to show that shortening time delays and using unequal frac-
tions lead to a decrease in the MIA and BEDyeqn 1. Never-
theless, for this evaluation, two-fraction protocols with shorter
time delays remain more interesting than a single injection;
for evaluation E3, this increase is superior to 8.8% and 5.7%
(minimum increases obtained for a 24h time delay) for the
MIA and BEDyeqn 11, respectively, compared with the values
obtained for a single injection, and reaches 9.5% and 10.9%
for BEDyyean, 1. for time delays superior to 3 and 7 days, re-
spectively. Moreover, the potential of shortening time delays
between fractions could be further enhanced by taking into ac-
count a repopulation constant for the different ROIs in the cal-
culation of the BED distribution (Dale, 1989). The best num-
ber of fractions and time delay between fractions that would
keep the absorbed dose rate high enough to compensate for
cancerous cell repopulation could then be determined using
optimization tools. This potential development could be of par-
ticular interest for rapidly growing tumors.

This application of OEDIPE’s new functionalities to SIRT
demonstrated the theoretical feasibility of treatment planning
optimization using absorbed dose and BED calculations for
the design of fractionation protocols for targeted radionuclide
therapies in general. Due to the technical complexity of SIRT,
significantly increasing the number of fractions or shortening
time delays between fractions might be difficult for this ther-
apy. In the meantime, it is common practice to use two succes-
sive treatments in SIRT (Dezarn et al., 2011). It would thus be
of high benefit to perform both accurate calculations of the ab-
sorbed doses delivered during the first course of treatment and
accurate dosimetry for the second *™Tc-MAA evaluation in
order to optimize the second course of treatment. Moreover, in
terms of treatment efficacy evaluation, the possibility of calcu-
lating the EUD is of great interest to consider the establishment
of strong dose-effect relationships, which would be indepen-
dent of the activity distribution heterogeneity, in SIRT or other
targeted radionuclide therapies.

For the time being, in the presence of radiopharmaceutical
washout, the generation of the 3D matrix of cumulated activity
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cannot be performed automatically with OEDIPE. However, a
new functionality is being developed in OEDIPE either to ap-
ply a biokinetic model to the 3D matrix obtained from regis-
tered SPECT data or to model the radiopharmaceutical bioki-
netics from serial SPECT or PET data. This information on
the radiopharmaceutical biokinetics will finally be accounted
for in the temporal absorbed dose rate used in the calculation
of the BED distribution.

5 Conclusion

This study demonstrated that the balance between risks and
benefits in SIRT could be further enhanced by taking into ac-
count radiobiological aspects through the calculation of the
BED distribution. The design of fractionation protocols, de-
pending on a tolerance criterion on the NTL defined from the
BED distribution, allows increasing the injected activity and,
thus, the absorbed dose and BED to the TL while keeping the
level of toxicity to the NTL constant. The calculation of the
EUD from the BED distribution can provide additional infor-
mation to assess the level of toxicity and tumor control. Fi-
nally, the establishment of dose-effect relationships from clin-
ical outcomes in targeted radionuclide therapies is strongly
needed in order to establish the most pertinent parameter val-
ues to be used in the linear-quadratic model and to derive pre-
cise tolerance criteria for OARs. The OEDIPE software could
be useful in that respect.
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