& frontiers | Frontiers in Nuclear Medicine

’ @ Check for updates

OPEN ACCESS

EDITED BY
Lidia Strigari,

IRCCS Azienda Ospedaliero-Universitaria di
Bologna, Italy

REVIEWED BY

Christos Melidis,

milliVolt, a Medical Physics Company, France
Manoj Gupta,

Rajiv Gandhi Cancer Institute and Research
Centre, India

*CORRESPONDENCE
Arnaud Dieudonné
arnaud.dieudonne@chb.unicancer.fr

SPECIALTY SECTION

This article was submitted to Dosimetry and
Radiation Safety, a section of the journal
Frontiers in Nuclear Medicine

RECEIVED 20 July 2022
ACCEPTED 22 August 2022
PUBLISHED 15 September 2022

CITATION

Dieudonné A, Sanchez-Garcia M, Bando-
Delaunay A and Lebtahi R (2022) Concepts and
methods for the dosimetry of
radioembolisation of the liver with Y-90-loaded
microspheres.

Front. Nucl. Med. 2:998793.

doi: 10.3389/fnume.2022.998793

COPYRIGHT

© 2022 Dieudonné, Sanchez-Garcia, Bando-
Delaunay and Lebtahi. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Nuclear Medicine

Review
15 September 2022
10.3389/fnume.2022.998793

Concepts and methods for the

dosimetry of radioembolisation
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This article aims at presenting in a didactic way, dosimetry concepts and
methods that are relevant for radio-embolization of the liver with °°Y-
microspheres. The application of the medical internal radiation dose
formalism to radio-embolization is introduced. This formalism enables a
simplified dosimetry, where the absorbed dose in a given tissue depends on
only its mass and initial activity. This is applied in the single-compartment
method, partition model, for the liver, tumour and lung dosimetry, and
multi-compartment method, allowing identification of multiple tumours.
Voxel-based dosimetry approaches are also discussed. This allows taking into
account the non-uniform uptake within a compartment, which translates
into a non-uniform dose distribution, represented as a dose-volume
histogram. For this purpose, dose—kernel convolution allows propagating the
energy deposition around voxel-sources in a computationally efficient
manner. Alternatively, local-energy deposition is preferable when the spatial
resolution is comparable or larger than the beta-particle path. Statistical
tools may be relevant in establishing dose—effect relationships in a given
population. These include tools such as the logistic regression or receiver
operator characteristic analysis. Examples are given for illustration purpose.
Moreover, tumour control probability modelling can be assessed through the
linear-quadratic model of Lea and Catcheside and its counterpart, the
normal-tissue complication probability model of Lyman, which is suitable to
the parallel structure of the liver. The selectivity of microsphere
administration allows tissue sparing, which can be considered with the
concept of equivalent uniform dose, for which examples are also given. The
implication of microscopic deposition of microspheres is also illustrated
through a liver toxicity model, even though it is not clinically validated.
Finally, we propose a reflection around the concept of therapeutic index (Tl),
which could help tailor treatment planning by determining the treatment
safety through the evaluation of Tl based on treatment-specific parameters.
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Introduction

Treatment planning of selective internal radiation therapy
(SIRT) of the liver with **Y-microspheres is a key step for the
determination of administered activity aiming to balance the
risk and benefit of treatment. For both devices currently
available for “°Y-SIRT, glass and resin microspheres, specific
recommendations that rely on dosimetry for treatment
planning were recently proposed by panels of experts (1, 2).
Indeed, despite the fact that both products use the same
radionuclide, the different average activities per sphere,
2,500 Bg/sphere for glass and 50 Bq/sphere for resin
microsphere, lead to different recommended efficacy and
toxicity thresholds. For example, the treatment of unilobar
hepatocellular carcinoma (HCC) would require targeting at
least 205 Gy to the tumour while limiting the dose to the
whole normal liver to 75 Gy if glass microspheres are used (1)
and at least 100-120 Gy to the tumour and a maximum of
40 Gy to the whole normal liver for resin microspheres (2).

For both microsphere types, this pretherapeutic dosimetry is
based on the intra-arterial injection of **™Tc-macro-aggregated
albumin (*°™Tc-MAA) into the same catheter position that will
later be used for the therapeutic injection of *°Y-microspheres.
Several methods are available to compute the pre-therapeutic
absorbed dose for activity planning. Needless to say, the so-
called body surface area method, which was part of resin
microspheres treatment planning, shall not be confused with
the following dosimetry systems as it is only a tool for activity
planning.

A common dosimetry method is the partition model,
proposing a dosimetry formalism from quantification of lung
shunt fraction (LSF) and tumour-to-normal-liver (T/N) ratio
of *™T'c-MAA hepatic and tumour deposition. With these
inputs, the method allows calculating the absorbed dose to
lung, normal liver, and tumour.

The spread of 3D quantification in nuclear medicine routine
practice has enabled multi-compartmental dosimetry, providing
absorbed dose values in as many compartments as needed
(liver, non-tumoral liver, treated liver, tumours) and greater
degree of personalisation (3). A further personalisation level is
achieved with voxel-level dosimetry, i.e., 3D dosimetry, where
the absorbed dose can be represented as dose-volume
histograms or isodose curves.

The availability of adequate methodology and cohort
selection has enabled several retrospective analyses where a
dose—effect relationship with tumour response and/or survival
(4-8) has been established. Establishing a dose-effect
relationship has two final objectives: (1) early prediction of an
outcome and (2) better tailoring of treatment planning.
Receiver operator characteristic (ROC) analysis and logistic
regression are statistical tools that help describe this dose-
effect relationship, but radiobiological modelling can also be
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used from a mechanistic point-of-view for this purpose. This
is possible with the tumour control probability (TCP) based
on the linear-quadratic model of Lea and Catcheside (9) and
its counterpart the normal-TCP (NTCP) model of Lyman.
The selectivity of microsphere administration allows tissue
sparing, which can be considered with the concept of
equivalent uniform dose (EUD). The implication of
microscopic deposition of microspheres is also illustrated
through liver toxicity model, even though it is not clinically
validated. The concept of therapeutic index (TI) could also
help to better tailor treatment planning by determining the
treatment safety through the evaluation of TI based on
treatment-specific parameters.

Recently, the European Association of Nuclear Medicine
committees of therapy, oncology, and dosimetry have
published recommendations for patient care and pre- and
post-therapeutic dosimetry implementation of SIRT of the
liver with 90Y—microspheres (10, 11). We do not aim to
substitute these recommendations but to present in a didactic
way, dosimetry concepts and methods that are relevant for
radio-embolization of the liver with 90Y-microspheres.

Region-based dosimetry
Application of the MIRD formalism

In region-based dosimetry, regions of interest are defined,
typically the tumour, liver, and lung. The MIRD methodology
allows computation of dose on any target region rp D(ry),
according to Equation 1 where A(rs) is the time-integrated
activity in the source region rs. A(rs) is calculated from the
integration of A(rs, t), which describes activity in rg over time (12):

D(ry) =Y Alrs) x S(ry < rs) 1)

In SIRT, A(rs) can be simply calculated as A(rs) = A(rs, 0) /Avso
with A(r, 0) being the activity at t=0 and Ayg being the decay
constant for *°Y. This is possible due to absence of biological
elimination.

Introducing ¢(ry < rs) as the fraction of emitted energy in
rs that is absorbed in rp, it can be shown that

S(ry — rs)= A’yigow(rr — 1) (2)

where Aego is the average energy released per decay. Finally,
Equation 1 becomes

D= S ZA(rs,

3
Ayoo X M(r7) X @(rr «—rs) (3)
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with AZ ) = 933 keV and Ayeo = 3.00 x 106 51, M(rr) being
the mass of rr. Note that A‘;go /Ayso is a radionuclide-specific
constant that, for SIRT, gives the average energy released per
Bq of injected activity, numerically:

B

A Y9 __

=311keV.s=49.7 x 10 ° J.Bq! (4)

/\Y90

For simplicity, we will use the rounded value 50 for the
following equations.

Therefore, D(rr) in Gy can be expressed as

D(rr)[Gy] = ZA(rs, 0) [GBq]

M( )
(5)

X @(rr < rs)

With the hypothesis of non-penetrating beta-particles and
negligible bremsstrahlung radiation, all energy released in a
region is absorbed in the same region, ie., @(rr « rs) =

¢(rs) = 1, Equation 5 becomes

50

D(rs)[Gy] = W

A(rs, 0)[GBq] (6)

This hypothesis has been extensively investigated for spherical
volumes, with self-absorbed fraction in spheres of varying
sizes readily available in the literature (13, 14).

With some degree of approximation, count losses due to
partial volume effect, which are present in positron emission
imaging (PET) and single photon computed emission imaging
(SPECT), mimic the transport of energy by beta-particles out
of voxels, and consequently, a local energy deposition
approximation (¢ = 1) may remain valid for spatial resolutions
>5 mm (15, 16).

To verify how accurately the system point spread function
(PSF) mimics the energy transport of particles, one can
calculate the ratio of the recovery coefficient (RC) over the
absorbed fraction RC(rs)/@(rs). RC is the ratio of the signal
intensity degraded by the PSF over the ideal intensity. Its
value is between 0 and 1 as for the absorbed fraction.
RC(rs)/@(rs) =1 means that the mimicking is perfect
whereas, for a ratio < 1, the PSF degradation is “stronger”
than the particle transport and that there is a residual partial
volume effect. Inversely, a ratio >1 means that the particle
transport is not fully mimicked by the PSF. To illustrate this,
the ratio for spheres of various diameters and for various
PSFs full width at half maximum (FWHM)
calculated. The computed values are compiled in Table 1 and

has been

plotted in Figure 1. This shows that, for the smallest spheres
(diameter <20 mm), the ratio diverges from 1 and that for the
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TABLE 1. Ratio of recovery coefficients over °°Y absorbed fraction in
soft tissues (1.04 g/cm?®). The closer is the ratio to one, the better is
the accuracy by considering a local energy deposition approximation
(¢=1).

Sphere diameter FWHM of PSF

(mm) 2mm 3mm 4mm 5mm 7mm
5 1.52 1.10 0.77 0.54 0.27
10 1.25 1.10 0.95 0.82 0.58
15 115 1.06 0.98 0.89 0.73
20 111 1.05 0.99 0.93 0.81
25 1.08 1.04 0.99 0.94 0.85
30 1.07 1.03 0.99 0.95 0.88
40 1.05 1.02 0.99 0.97 0.91
50 1.04 1.02 1.00 0.97 0.93
100 1.02 1.01 1.00 0.99 0.97
200 1.01 1.00 1.00 0.99 0.98

14

12

10

08

06 4---

FWHM of PSF
-~ 20 mm
*- 3.0mm
-~ 4.0 mm
-~ 5.0 mm
-~ 7.0 mm

20 ') ) ) 100
Sphere Diameter (mm)

Ratio of recovery coefficient over *Y Absorbed Fraction

FIGURE 1

Ratios of recovery coefficients over °°Y soft tissues (1.04 g/cm?)
absorbed fractions for spatial resolutions (point-spread-function
full-width-at-half-maximum) from 2 to 7 mm.

greatest it converges to 1 (diameter >50 mm), even for larger
FWHM values.

For each sphere of diameter d, RC(d, FWHM) was
calculated by convoluting an image I(d) containing the value
“0” outside the sphere SPH of diameter d and “1” inside the
sphere with Gaussian functions g centred on 0 and with a
FWHM ranging from 2.0 to 7.0 mm. Then, the resulting
image I(d, FWHM) = I(d) ® g(FWHM) is used to calculate
RC(d, FWHM) = > ooy I(d, FWHM) /> oy I(d). The
absorbed fraction ¢(d) was calculated by convoluting I(d) to
the dose kernel of *°Y in water scaled to soft-tissue density
kYoo:

simulations (17). The resulting image D(d) =

kYo, was previously calculated with Monte Carlo
I(d) ® kY, is
the absorbed dose distribution for a sphere source of diameter
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d; thus, the absorbed fraction is given by ¢(d) = > oy D(d)/
(Xspu I(d) x Ayso).

Partition model

The partition model (18) was proposed to consider the
liver-to-lung shunt and different specific activities of the
tumour and the remaining targeted hepatic parenchyma. It
implies the measurement of LSF and T/N ratio, leading to a
three-compartment dosimetry model where all injected
activities are assumed to end up in three regions, namely, the
liver, tumour, and lung. As initially proposed, the LSF and T/
N ratio r are computed from 2D measurements on planar
hepatopulmonary scintigraphy after **™Tc-MAA intra-arterial
injection to simulate the distribution of *°Y-microspheres.

For LSF, the total number of counts in the lung and liver is

used:

LSF — Ap _ total number of counts in lung
A total number of counts in lung

+total number of counts in liver

7

where A is the activity in the lung at time of administration
and A is the administered activity.

The T/N is computed from the average uptake in the
tumour and non-tumoral liver:

A

. average number of counts in tumor ®)
r=-—=
1‘3[” average number of counts in liver
N

where Ay and Ay are the activities in the tumour and normal
liver, respectively, at time of administration and M and My
are the corresponding masses. Consequently, the activity in
the tumour can be calculated from the administered activity A
with

Mt Xr

AT:mx(l—LSF)XA 9)
and the activity in normal liver Ay can be deduced as
Ay = (1 —LSF) x A — Ap (10)
Trivially, activity in the lung is obtained as
A =LSFx A (11)

Then, the absorbed D, to tumour, normal liver, and lungs can
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be calculated from the corresponding activity A, by

50 x A, [GBq]

D,[Gy] = Mikg] (12)

It should be noted that, with this approach, only the absorbed
dose for one tumour is calculated or averaged in multiple
tumours.

Multi-compartmental model

The widespread availability of 3D quantification through
SPECT devices and iterative reconstructions with CT-based
attenuation correction and scatter compensation has enabled
higher accuracy in the quantification of relative activity
between organs (19), with the ability to prevent organ overlap
compared to planar imaging. It is possible to apply the direct
measure of the relative activity, for an arbitrary number (N)
of compartments, segmented in the emission images, to the
MIRD  formalism.
approach, all injected activities are assumed to end up in N

In the obtained multi-compartmental

compartments. For each compartment ¢, the fraction of
injected activity (FIA, a.) and mass (M) are measured and
used as input in the MIRD formalism to compute the pre-
therapeutic absorbed dose per unit of administered activity or
absorbed dose coefficient (d,).

a. X 50
M. [kg]

d.[Gy.GBq '] = (13)

The main difference between the three-compartment (partition)
and multi-compartment models is the quantification step. On
one side, quantification relies on 2D or 3D measurements of
LSF and T/N ratio, for a single tumour or averaged over
multiple tumours. On the other side, it is based on the 3D
measurement of the FIA on any given compartment, such as
the tumour(s), non-tumoral liver, and targeted liver. Table 2
summarises the differences between both methods.

More recently, *°Y-PET imaging has been applied to SIRT,
allowing direct absolute quantification of the post-treatment
activity concentration at the voxel level (in Bq.mL™"). Thus,
the average absorbed dose can be calculated by implementing
the MIRD formula to PET quantification:

50 x 10°°

D[Gy] = ¢o [Bq.cm ] x m

(14)

With ¢, being the concentration in any given tissue at the time
of administration.
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TABLE 2 Comparison of the formalisms derived from the MIRD formula.

MIRD single

Partition model

10.3389/fnume.2022.998793

MIRD multi-compartment

compartment
Compartments Treated liver Lung L, normal liver N and
tumour T
Calculation method n/a A, = A X LSF

AT _r XAN XMp

At
— ArxMy
Ay = r=<Mr

Pre-therapeutic absorbed dose
calculation
M.

D[Gy] = A[GBq] x50

post-therapeutic absorbed Mlkg]

dose calculation

Voxel-based dosimetry

Voxel-based dosimetry aims at providing a 3D distribution
of the absorbed dose, reflecting absorbed dose inhomogeneity
within compartments accessible on the macroscopic scale
the 3D dose
are isodose

allowed by scanner spatial resolution.

distributions usually presented as curves
superimposed on anatomical imaging or summarised using a
dose-volume histogram (DVH). Typical DVH shapes are
shown in Figure 2. A DVH represents the volume-to-
absorbed dose distribution within a given compartment
according to several dose intervals or bins. The DVH is
usually expressed in its cumulative form, providing
information on the fraction of the considered compartment
volume that receives at least a given amount of absorbed dose.

Then, characteristic values can be extracted such as Dy as the

In any given compartment, the absorbed D is derived from
the initial activity A within the compartment and its mass

Lung, normal liver, treated liver, tumour(s), etc.

a= N
= NeNy N,

ar+ay+ a, =1

The absorbed coefficient d is derived from the fraction of injected activity a
and its mass M.

d(Gy.GBq™'] = 52
The absorbed dose D is derived from the activity concentration co.

50 x 107°

_ -1
D[Gy] = ¢y [Bq.ml "] x pi[g.cm(*”]

least absorbed dose irradiating X % as the volume of the
considered compartment or Vygy, as the volume receiving at
least an absorbed dose of Y Gy. The DVH can be also
qualitatively interpreted by analysing its shape. A rectangular
DVH indicates a homogeneous irradiation.

Model-based energy deposition

Approaches based on the convolution of a dose kernel
(either using point or voxel sources) were proposed for taking
into account radionuclide non-uniform distribution in a
homogenous medium (20-23). The dose-point kernel plots
the energy deposited around a source according to the
distance to the source and can be calculated analytically or

using Monte Carlo simulations (24-26). Tissue density

0.75~-

0.50-

fraction of volume

0.25-

0.00-

FIGURE 2

— liver

=== tumor

dose in Gy

Typical tumour and liver cumulative dose—volume histograms in °°Y radioembolisation.
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heterogeneities can be considered by scaling dose-point kernel
linearly according to the radiological distance between sources
and targets, i.e., the distance travelled by particles in water for
the same energy deposition. The superposition of dose-point
the
approximation, where a finite number of directions around

kernels can be accelerated using collapsed  cone
the source is considered for energy deposition, thus reducing
the complexity of the calculation (17).

The dose-point kernel convolution considers the sources and
targets as points at the centre of each voxel, though corrections
are available to model the finite dimension of voxels. Moreover,
dose-voxel kernel convolution, also known as voxel S-values,
directly models sources and targets as voxels (27), losing the
ability of performing radiological distance scaling. Dose-voxel
kernels are calculated from integration of dose-point kernels or
using direct Monte Carlo simulations (28-30). Once a fine
resolution dose-voxel kernel is available, resampling approaches

have been developed to adapt it to any voxel dimensions (31, 32).

Monte Carlo simulation

Monte Carlo simulation is the method of reference for
calculating energy deposition around a source, be it extended or
point-like, and remains the gold standard for 3D dosimetry (33—
36). Software packages are currently available, which easily
translate patient-specific voxel information (such as activity
concentration and tissue density at the voxel level) in Monte
Carlo codes (33, 37-39). It allows increasing the accuracy on the
absorbed dose deposition in the presence of tissue heterogeneities,
thanks to a comprehensive modelling of particle interaction with
the matter, while other approaches rely on a simplified modelling
but with less computationally demanding calculations.

Local energy deposition

Similarly to the region-based dosimetry, the hypothesis of
non-penetrating particles can be done at the voxel level. The
continuous slowing down approximation (CSDA) range of
%Y electrons, close to the mean range, is 3.85mm in soft
tissues (p=1.04gcm™>) and 16 mm in the lung (p=
0.25 g.cm_3 ) (40). This approximation is used to calculate the
electron range by assuming the continuous loss of energy by
electrons from their initial kinetic E, energy to rest. The
CSDA range is calculated by integration the inverse of the
total stopping power according to the energy from E, to 0.
The negligible bremsstrahlung emission (< 1% of E,) indicates
little energy is transported farther than the electron range.

Figure 3 compares Monte Carlo-generated soft-tissue dose
point kernel (17) (DPK) and PSFs for several spatial resolutions.
It can be seen that, for the soft tissue, the DPK curve and 4.5-
mm PSF are very similar for distances >2 mm. Hence, any
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FIGURE 3

90y soft-tissues dose-point kernel and point-spread functions for
full-width-at-half-maximum of 3.5, 4.5, and 5.5 mm. All data are
normalised for comparison purpose.

system PSF with FWHM >4.5 mm mimics the energy transport.
The absorbed dose in voxels can thus be more accurately
calculated with the local-energy deposition method than with
convolution methods. Moreover, there is still a remaining partial
volume effect that should be accounted for, for better accuracy.

Therefore, the absorbed dose in voxels can be calculated
using Equation 12.

In a soft-tissue medium and since all voxels resulting from a
SPECT or PET reconstruction have the same volume V,, the
the result of this

voxel-based absorbed calculation is

calculation for all voxels:

_ Ay[Bq]

x 48 x 107°
V,[cm?]

D, [Gy] (15)

Dose-effect relationship

Here we present and discuss methods for establishing dose—
effect relationship starting from the same dataset.

The dataset was generated as follows: 100 lesions with
absorbed dose ranging from 1 to 199 Gy (one every 2 Gy)
were classified as responders and non-responders (Figure 4)
with a binomial random variate generated with the software
tool R (41), following a sigmoidal probability distribution:

—0.03xDx(1-0.000033 x D)

Probability of response (D) = e *¢ (16)

The dataset and the code to generate it are provided as
Supplementary data. The median absorbed dose was 136 Gy
for responders and 40 Gy for non-responders. The statistical
significance was tested using the nonparametric Wilcoxon test
(p <0.001). See boxplot on Figure 4A.
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FIGURE 4

(A) Box-plot, responders vs. non-responders towards the tumour absorbed. (B) Receiver operator curve analysis of the simulated dataset.
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Statistical tools

The (ROC)
evaluates the performance of the tumour-absorbed dose as a

receiver operator characteristic analysis
response predictor. The ROC curve plots the true positives
rate (sensitivity) towards false positive rate (1—specificity)
using the ROCR package (42). The ROC curve of the
provided dataset is shown in Figure 4B, with an area under
the curve (AUC) of 0.92 (95% CI, 0.87-0.97). This means that
the model has 92% chance to separate responders from non-
responders. From this example, the best predictive value
determined using the Youden index is 85 Gy (sensitivity =
0.84, the  best
discriminant non-responders,

specificity =0.84), i.e., conventionally

between responders and
corresponding to the maximum sum of sensitivity and
specificity. Interestingly, this value has a probability of
response of 61% according to the logit model.

For a categorical variable, such as the occurrence of
the

mathematically models the probability of the effect P towards

response  or  complications, logistic ~ regression

any variable, following this equation:

e—aDer

P(D) = 1+ e—aD+b

(17)

With a and b being fit parameters.
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The result of a logistic regression for the dataset is shown in
Figure 5A. From this modelling, the median efficacy dose, i.e.,
the dose that leads to a 50% probability of response, was EDs, =
75 Gy (95% confidence interval—CI, 31-167 Gy), and the dose
that leads to a 80% efficacy dose EDgy =107 Gy (95% CI, 55-
213 Gy).

This illustrates that according to the tool that is used, the
result will have a different interpretation. The ROC curve tests
the performance of the absorbed dose as a classifier (AUC =1,
perfect classifier; AUC=0.5, random classifier), the logistic
regression model instead deals with the dose-response
function from a mechanistic description of the response
probability as a function of the absorbed dose.

Radiobiological tools

The linear-quadratic (LQ) model has been extensively used
to model the dose-survival relationship in external beam
radiation therapy. While it is supported by radiobiological
concepts, it can be used as a pure mechanistical model (43).
In the following sections, we present the use of LQ models for
the determination of the tumour control probability (TCP) and
the normal tissue complication probability (NTCP) as a
consequence of cell killing caused by a given amount of
radiation absorbed dose in tissues.
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According to the linear-quadratic (LQ) model, the
probability P of killing a tumour with a given dose D is a
function of a set of radiobiological parameters with

_Nye GpD?

P(D) =e (18)

with N, being the number of clonogenic cells, & and S are the
linear and quadratic cell killing constants, respectively, and G is
the Lea-Catcheside repair factor (9). In SIRT, because of the
absence of activity re-localisation, it reduces to A/(A+ )
(44), where u is the DNA repair constant and A is the decay
constant of *°Y, i.e. A =3 x 1075 s ! =0.0108 h '

Values for a/B and w can be found in the literature for
various tissue types and are not specific to *°Y beta particles.
Typical values used are /B =10 Gy and u=046h"" for
tumours (45). However, these values remain controversial; for
example, a value a/B =15 Gy was also reported for HCC
(46). The number of clonogenic cells Ny is directly related to
the volume of the tumour and suggests that tumour control
depends on the dose and volume, which may complicate the
modelling based on clinical data.

Figure 5 shows the fit of the LQ model to the data in
Figure 4, with data binned into intervals of 25 Gy. Each bin
was assigned a value that corresponds to the mean of all
absorbed dose values within that bin. The fit was conducted
with the Levenberg-Marquardt algorithm, giving that ED5, =
65 Gy (95% CI, 20-125 Gy) and EDgo = 105 Gy (95% CI, 50-
175 Gy).
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Equivalent uniform dose

To consider the biological effect of absorbed dose
inhomogenities within the tumour or organs at risk, the EUD
was proposed by Jones and Hoban (47, 48) to report the
absorbed dose. The following model assumes a uniform
distribution of clonogens within the tumour and that the
organ-at-risk structure is parallel, which is the case for the liver.

For a tumour of N voxels the EUD is given by

N 19)

1 N —aD;
EUD = — ~In (Ll ¢ )
o

Practically, EUD is calculated from the differential histogram of
dose values over the volume considered. This does not take into
account the hierarchical structure of an organ, which, in the
case of liver, is not the problem itself, thanks to its parallel
organ architecture (49, 50).

a is the tissue radiosensitivity, the highest the value, the
highest the number of killed cell fraction for a fixed dose
D. According to data published by Emami et al. (51), a
should be 0.0065 Gy_1 in the liver (52), whereas, for HCC
tumours, different values were reported. Strigari et al. (44)
calculated an a-value of 0.001 Gy~ for radioresistant tumours
and  0.005 Gy ™'
nonresectable HCC treated with resin microspheres. The TCP

for less radioresistant tumours in
was fitted with response data (complete and partial vs. stable
or progressive). With the same approach, Chiesa et al. (4)
have found an a-value of 0.004 Gy ' for intermediate and
advanced HCC treated with glass microspheres. D’Abadie

et al. (53) found a-values from 0.034 to 0.038 Gy_1 in HCC
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treated with resin or glass microspheres. The analysis differs
from the aforementioned studies in that it uses a tumour
EUD of 40 Gy, a cutoff used in EBRT as predictor of longer
survival to stratify Kaplan-Meier curves of overall survival
and maintain the best agreement between the two types of
microspheres.

Figure 6 shows the TDs, of targeted liver (EUD = 40 Gy),
corresponding to 50% probability of appearance of a liver
failure in EBRT, for liver fraction f from 0.4 to 1.0 (51).
This modelling shows that sparing the non-tumoral liver
from radiation exposure allows for higher absorbed dose to
the targeted liver without increasing the risk of liver failure.
For example, for f=0.7, TDs, (EUD =40 Gy) of the
targeted liver is 61 Gy, with liver absorbed dose =43 Gy,
whereas for f=0.4, TDs, = 133 Gy, with liver absorbed dose
=53 Gy. One can see that, at least for f>0.4, EUD is
extremely close to the liver absorbed dose, which might
explain why Chiesa et al. (54) refers to the non-tumoral
whole liver absorbed dose (NTWLD) to established dose
constraints to limit liver decompensation. NTWLD is a
dosimetric parameter that is easily available through
region-based dosimetry.

Normal tissue complication probability
Clinical data supports that the liver risk of complication or
radiation-induced liver disease is a function of the irradiated

fraction and absorbed dose (55). The normal tissue
150 -
[
100 -
—_ [ ]
>
£
§ [
= °
50 - ® =
o
0 -
. L) 1 1
04 0.6 0.8 1.0
fraction of liver targeted
FIGURE 6
Median toxic dose (TDsg), i.e., liver absorbed dose leading to a 50%
probability of liver failure, as a function of liver fraction irradiated.
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complication probability (NTCP) proposed by Lyman (56)

L
NTCP(t) = — 2 d, 20
0= | efas 20)
where t = ((D— TDsy(v))/(m x TDsy(v))), with D the
absorbed dose to the fraction of liver irradiated (v),

TDso(v) = TDsy/v and m the slope of the response curve near
TDs. An attempt to consolidate both Jones and Hoban EUD
and Lyman NTCP models has also been proposed (55).

Microscale considerations

Microspheres travel within the blood vessels results in dose
inhomogenities at the microscopic level according to the
per The
heterogeneity of sphere distribution was employed to better

concentration of microspheres volume unit.
understand the relationship between liver absorbed dose and
toxicity for the different types of spheres (57, 58). Walrand
et al. (52) have proposed a micro-scale model based on
statistical arterial tree branching and geometric lobules where
the microspheres are trapped. This model reconciliates
differences in dose thresholds for hepatic toxicity between
external beam radiation therapy, resin and glass microspheres
using the concept of EUD of Jones and Hoban. According to
their model, the TDs to the targeted liver can be expressed as
a function of v, the liver targeted fraction, and msA, the

activity per sphere in kBq:

252 +221x (1— e72.74><msA)

TDso = (v —0.4)%5%

21

As an example, TDs, for a whole liver treatment (v = 1) would
be 38 Gy for resin microspheres (50 Bq/spheres) and 64 Gy for
glass microspheres (2,500 Bq/spheres). For a treatment with a
targeted liver fraction of 70% (v =0.7), the targeted liver
absorbed dose is 57 Gy for resin and 96 Gy for glass
microspheres. It must be noted that this model does not take
into account potential liver dysfunction, neither previous
SIRT).
Consequently, it should be employed with care in these

treatments  (chemotherapy, = chemoembolization,

situations.

Therapeutic index for optimal
treatment tailoring

TI establishes a quantitative relationship between the
efficacy and toxicity of a drug for a given population. The
larger the TI, the better the trade-off between treatment safety
and efficacy. Conversely, a low TI requires caution to prevent
potential toxicity concomitant with possible low treatment
efficacy. TI is commonly calculated as the ratio of median
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toxic (TDs,) over median efficacy doses (EDs):

o TD50

TI =
EDsq

(22)

For personalised treatments, such as radioembolisation, TT can help
understand how the treatment parameters have an influence on
treatment safety and optimize the therapeutic gain (59).

If we express the TT according to the tumour absorbed dose,
Equation 22 would become

_ TDW™  TDE /dyxdr  TDES

- dr DU
EDlslil)mor EDtS‘:)mor

= X
dy EDS™
(23)

tumor
EDg,

where r is the T/N ratio and dy and dy are the absorbed dose
coefficients of normal liver and tumour respectively.

Thus, the benefit/risk balance can be quantified by knowing
T/N, EDsp, and TDs. For a high T/N ratio and a low liver
fraction, the treatment will provide a wide TI, contrary to a
low T/N with a high fraction of liver treated.

To illustrate this, one can calculate the TI for a lobar
treatment (Vf=0.7) of a HCC with resin microspheres with
r=2. Looking at the results of Hermann et al. (7), the value
of ED§™" for disease control was 70 Gy for resin
microspheres. According to Walrand et al. (52), treatment

10.3389/fnume.2022.998793

with Vf=0.7 and resin microspheres (msA =50 Bq/sphere)
would have TDI" =70 Gy. Hence, TI = 70/70 x 2 = 2 for
this treatment, indicating that the activity leading to a 50%
probability of liver complication is twice as large as the activity
leading to 50% probability of tumour control. For Vf=1.0
(TDsyp = 55 Gy) and r=1.3, TI =55/70 x 1.3 = 1.02. For a
selective treatment (Vf<0.4), according to the aforementioned
model, TD5, and thus TI end to infinity, which in this case
indicates that segment ablation is safe.

A more complex model is the complication-free TCP P*
(60), which is expressed as the product of TCP by the
probability of no complication (1-NTCP)

P* = TCP x (1 — NTCP) (24)

This model allows to compute the absorbed dose or
administered activity maximizing P*, giving the most balanced
benefit/risk ratio, provided that TCP and NTCP curves are
available for the treatment. Figure 7 illustrates the
relationship between the TI, TCP, NTCP, and P*.

Discussion

The personalized dosimetry of *°Y-microspheres has been
widely admitted to be the standard of care for treating
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tumours while preserving the liver parenchyma (1, 2, 20). While
the partition model considers lung, liver and tumor as
the other
methods allow for a further degree of personalization. In
these method,
reconstruction parameters needs to be optimized, otherwise

compartments, region-based and voxel-based

order to implemented acquisition and

this can lead to underestimation of absorbed doses to
tumours (10). The choice of the dosimetry method should be
done depending on the tools available and the training of the
multidisciplinary team to personalized dosimetry. Several tools
are available to understand how the irradiation conditions are
related to a clinical outcome. There is a need to interpret
clinical data from a mechanistic point-of-view, using logit or
radiological models such TCP and NTCP to better optimize
treatment planning. Tools such as EUD or NTCP have a great
potential to tailor liver complication, but a clinical validation
is still needed to extend their usage in clinical routine.
they the
relationship between liver absorbed dose, the fraction of liver

Nevertheless are interesting to understand

treated, microsphere activity load and potential liver failure
thanks to their The
therapeutic index or the complication-free TCP are the state-

underlying biological concepts.
of-the-art of optimizing treatment planning, to balance
efficacy and toxicity in a quantitive way. However, they
require accurate TCP and NTCP models that are still need to
be developped for radioembolization. The availability of
standardized clinical data should allow for the development
these models.

Conclusion

The treatment planning of selective internal radiation
therapy with *°Y-microspheres can be tailored, thanks to well-
established personalised dosimetry. Currently, at best, it relies

on  multicompartmental or  voxel-based  dosimetry.

Considering parameters such as liver fraction, tumour
histology, activity per sphere, liver underlying disease, and
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