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Résumé

La radio-embolisation hépatique fait partie de I'arsenal thérapeutique des
tumeurs hépatiques. Elle peut étre utilisée avec des microspheres radioactives a
base de verre ou de résine, qui different par leurs propriétés physico-chimiques et
radioactives (1). Une imagerie post thérapeutique PET/CT *°Y peut évaluer la dose
a la tumeur et prédire le pronostic du patient (2, 3). Le PET/CT °Y peut aussi
évaluer précisément la distribution hétérogéne de la dose aux tumeurs en
calculant un équivalent de dose uniforme (EDU) (4). L'EDU est fortement corrélé a
la survie des patients et réunifie les niveaux de doses des microspheéres en résine
et en verre mais aussi avec ceux connus pour la radiothérapie externe (5, 6).

De plus, une imagerie pré-thérapeutique aux macro-agrégats d’albumine marqués
(MAA) peut optimiser la planification de I'activité, en prédisant avec précision la
dose au foie sain (7).

Par ailleurs, le ciblage tumoral peut étre optimisé durant I'artériographie, en
utilisant un cathéter spécifique appelé cathéter antireflux (8). Il permet
d’augmenter de facon significative la dose absorbée a la tumeur, augmentant
ainsi la probabilité de contréle tumoral.

Abstract

Selective internal radiation therapy (SIRT) is part of the treatment strategy of liver
tumors. SIRT can be performed using resin or glass microspheres, demonstrating
different chemico-physical and radioactive properties (1). Post therapy imaging
using *°Y PET/CT can evaluate the deposition of the tumor-absorbed dose and
predict the patient outcome (2, 3). *°Y PET/CT can also precisely evaluate the
heterogeneous distribution of the absorbed dose within the tumor by calculating
a equivalent uniform dose (EUD) (4). Tumor EUD is strongly correlated with
survival of patients and reunifies the absorbed doses between resin and glass
microspheres as well as those from external radiation beam therapy (5, 6).
Moreover, pre-therapy imaging using *°"Tc macroaggregated albumin (MAA) can
optimize the activity planning, predicting with high accuracy the absorbed dose to
the healthy liver (7).

Furthermore, the tumor targeting can be optimized using a specific catheter
during the arteriography, named antireflux catheter (ARC) (8). Using ARC, the
absorbed dose can be significantly increased in neuroendocrine and HCC tumors,
hence, increasing the tumor control probability.
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List of abbreviations

¥ F: fluor-18

**Ho : holmium-166

B jodine-131

%8Re: rhenium-188

PMTc : technetium-99m

%Y : yttrium 90

A : activity

ARC : antireflux catheter

BED : biologic effective dose

BSA : body surface area

C: counts

D : absorbed dose

DVH : dose -volume histogram

EHC : end-hole catheter

Equ. : equation

EUD : equivalent uniform dose

EBRT : external beam radiation therapy
f: fractional uptake

FDG: fluoro,2-deoxy glucose

FU: Follow-up

GBq : gigabecquerel

Gy : gray

HAI : hepatic arterial infusion

IQR : interquartile range

LSF : lung shunt fraction

M : mass

MAA : macro-aggregated albumin

MBq : megabecquerel

MC : Monte Carlo

MIRD : Medical Internal Radiation Dose
m RECIST : modified response evaluation criteria in solid tumors
NPP : negative predictive value

OS : overall survival

PFS : progression free survival

PLLA : poly-L-lactic acid

PPV : positive predictive value

RE : radioembolization

REILD : radioembolization induced liver disease
ROC : receiver operating characteristic



Se : sensitivity

Sp : specificity

SIRT : selective internal radiation therapy
SPECT/CT : single-photon emission computed tomography/computed tomography
TACE : transarterial chemoembolization

TCP : tumor control probability

TD : tumor dose

TLG : total lesion glycolysis

TLM : Total lesion metabolism

TOF : time of flight

T/NL : tumor to normal liver ratio

T/NTL : tumor to normal targeted liver uptake ratio
ICC : Intrahepatic cholangiocarcinoma

V :volume

VOI : volume of interest

WNLD : whole normal liver dose



1. Introduction *

Liver radioembolization (RE) or Selective Internal radiation therapy (SIRT) is
commonly used for the treatment of hepatocellular carcinoma and secondary
liver malignancies. This treatment is performed by injection of radioactive
microspheres in the liver artery after transarterial catheterization. This
catheterization could be more and less selective depending on the tumor
localization(s)(Figure 1). Radioactive microspheres are trapped in the
microvasculature (arterioles) of tumors and of the targeted liver parenchyma.
Unlike the liver parenchyma which blood supply is mostly obtained by the portal
vein, liver tumors are preferentially vascularized by the hepatic arteries. This
preferential perfusion allows achieving a good tumor targeting of
hypervascularized tumors with a limited irradiation of the non-tumoral liver (1).
The objective is to deliver the highest dose to the tumor and the lowest to the
normal targeted liver. The technique was initially developed using iodine-131 (**1)
Lipiodol, a radiolabeled ethiodized oil (2). After arterial administration, a large

f ! lipiodol stays in the liver (75%) and the remainder reaches the lungs

part o
(3). Due to the preferential liver arterial perfusion, liver tumors such as HCC

demonstrated a preferential uptake compared to the healthy liver, ensuring a

high irradiation of tumors and resulting in good clinical results (4). However, this

1 Adapted from d’Abadie et al. Molecules, 2021 26, 3966



therapy suffers from several limitations. First, there are therapy radiation
protection concerns due to the characteristics of ***I. This radionuclide has a long
half-life (8.04 days) and emits 1% of gamma radiation of high energy (0.364 MeV)
(5). With a fixed injected activity of 2.2 GBq, the patient will stay in isolation at
hospital during one week to limit the radiation exposure of environment (6).
Second, due to the lung exposure, rare cases (2%) of serious diffuse infiltrative
pneumopathies were reported (7). Thereafter, radiolabeled microspheres have
emerged using yttrium-90 (°°Y) and holmium-166 (***Ho). These radionuclides
emit high energy beta radiations, resulting in high absorbed doses to tumors (in
the range of 100 to 1000 Gy) (8). In comparison, the total dose to tumors is
limited to a maximum of 70 Gy in external beam radiotherapy to avoid irreversible

liver damage (9).



Whole liver Bilobar

E ! ! Catheter H ! !Caheters

Lobar or segmental Subsegmental

E !! Catheter = i! Catheter

Figure 1: Liver microsphere distribution in liver radioembolisation is dependent on

the arterial catheter position. Tumors are shown in purple and targeted liver in

dark brown (adapted from Sangro et al. (10)).

Three types of microspheres are commercially available: *°Y-resin microspheres
(Sir-Spheres®, Sirtex Medical Ltd., Sydney, Australia), *°Y-glass microspheres
(Therasphere’, Boston Scientific, Boston, MA) and “**Ho-poly-L-lactic acid (PLLA)
microspheres (QuiremSpheres®, Quirem Medical B.V., Deventer, The
Netherlands). SIR-Spheres®, TheraSphere® and O,uiremSpheres® received European
regulatory approval (CE mark) as Active Implantable Medical Devices (Council

Directive 90/385/EEC) in October 2002, June 2006 and April 2015 respectively.



Other microspheres have been used but did not reach the level of marketing
authorization in Europe, e.g., ‘**Re-microspheres (11).

1.1 Treatment planning

A simulation of the treatment always precedes RE for evaluating its feasibility(12).
This first procedure includes an arteriography with an accurate mapping of the
liver arterial anatomy and the arterial branches of the tumor(s). Coil
embolization(s) of some arterial branches is sometimes performed to avoid the
risk of microsphere deposition in the digestive tract during the treatment phase.
Finally, a diagnostic radiopharmaceutical agent, technetium-99m
macroaggregated albumin (MAA), is injected in the arterial territory of the
targeted tumors, simulating the injection of radioactive microspheres. Nuclear
imaging with abdominal single photon emission computed tomography combined
with X-ray computed tomography (SPECT/CT) follows this arteriography for
evaluating the MAA distribution. MAA imaging permits to confirm the good
targeting of the tumor(s), rule out extrahepatic abdominal uptake and significant
shunting to lungs (calculation of the Ilung shunt fraction [LSF]): tumor
arteriovenous shunts can form pathways for radioactive microspheres into the
systemic circulation that are further trapped in the lung capillaries. The treatment
is relatively contraindicated if the LSF is higher than 20% or when the lung dose is
higher than 30 Gy (13). A significant radiation exposure of the lungs may induce

radiation pneumonitis and fibrosis (14).



A specific amount of radioactive microspheres is injected into the liver arteries
during the RE procedure and is characterized by the (radioactive) activity. This
activity induces a radiation energy deposition in the liver defined by the absorbed
dose. Based on the Medical Internal Radiation Dose (MIRD) formalism, the

absorbed dose is defined as follows:

A(GBq).k

D (Gy) = M(kg)

(1)

With A the activity, M, the irradiated liver mass and k the conversion factor which
is 50 J/GBq for *°Y and 16 J/GBq for ***Ho (15-17). The mass is derived from the
volume that can be measured by medical imaging, multiplied by a density factor
of 1.03 (18).

The absorbed dose represents the energy absorbed from ionizing radiation per
unit mass of tissue. This emitted energy per unit mass depends on the quantity of
radioactivity (defined by the activity A) and depends also on the properties of the
radionuclide and it biodistribution (simplified by the factor k in equation (1)).
More precisely, the absorbed dose for a source localized in a single tissue
depends on the residence time of the radionuclide in the tissue (defined with the
effective half-life) and depends on the properties of the energy deposition (mean

energy per radionuclide, distance of energy deposition from the source)(19).



The methods for activity planning, as recommended by the manufacturers differ

between the different types of microspheres and are summarized in table 1 (20-

22).

Table 1: Usual recommended method for activity planning

Microsphere type

. Volume
90Y-Resm A(GBq) = (BSA—0.2) + tumor
. Volumegymor + Volumenormar (targeted) liver
(BSA method)
(BSA: the body surface area in mz)
“y_Glass
(mono-
Dose jjyer- Mass;;
compartmental A (GBq) = Sollg;r— LSF)lmr
+
methOd) (DOse (targeted) liver - 80-150 Gy)
**Ho- PLLA
(mono-
D iver- M i
compartmental A(GBq) = Oselwerw 5 Stiver
method) (Dose jyer. 60 Gy maximum )

" With a reduction of the activity when the lung shunt is higher than 10%‘'With an
additional correction for the remaining activity in the vial (1-2%) 60 Gy refers to the dose
limit to the whole liver, without the need for reduction if the treatment is lobar (23).

These usual methods are semi-empirical, based on the body surface area for resin

microspheres and using a mono-compartmental model for glass and *®*Ho-PLLA




microspheres (17). Compared to *°Y-resin microspheres, the administered activity
is usually threefold for **°Ho-PLLA and 2.5-fold for glass microspheres (24, 25).
These methods do not provide accurate dosimetry that separately takes into
account the dose deposition in tumors and in the normal liver parenchyma for a
dose optimization.

With resin microspheres and the BSA method, patients with a small liver might be
overdosed and others with a large liver underdosed(26). In addition, Kafrouni et
al. demonstrated that the activity calculated with the BSA method was associated
with a suboptimal absorbed dose to tumor and normal liver, under the usual cut-
offs for tumor response and liver tolerance in hepatocellular carcinoma (HCC)
patients (i.e. 120 Gy and 50 Gy) (27). Previous data also demonstrated that the
delivered activity with the BSA method must be significantly reduced for patients
with small liver (<1.5L) or with low tumor involvement (<5%) to avoid RE induced
liver disease (REILD) (28, 29).

Using resin or glass microspheres, some centers have adopted a more scientific
and personalized dosimetric method based on the MAA distribution in the tumor
and the normal liver compartments known as the partition or multi-
compartmental model(30). With this method, the absorbed dose to the tumor
compartment, to the healthy liver compartment and to the lungs is simulated
using MAA imaging. For a good reproducibility between the simulation of

treatment (MAA injection) and the treatment (*°Y injection), both liver



arteriographies must be very similar, positioning the catheter tip in same position
and orientation in the arterial tree and preventing hemodynamic changes (avoid
vasospasm, slow injection rate of MAA particles, avoid injection of particles near
an arterial bifurcation) (31).

The tumor to normal liver ratio (T/NL) is calculated with MAA SPECT images as

follows:

A
Tty

T/NL = —r
NL/MNL

with Arand M;the activity and the mass of the tumor and Ay and My, the activity
and the mass of the normal (targeted) liver. The volumes of interest (VOlIs) could
be first delineated using the diagnostic CT scan or MRI and afterwards co-
registered with MAA SPECT images. The functional volumes can also be assessed
directly with the MAA SPECT/CT with accuracy using an isocontour method (32,
33).

The activity is defined as a function of the doses simulated in the tumor and
normal liver compartments using the MAA distribution and can be calculated as

follows (17):

T/ My (kg) + My, (k
A (GBq) = Dy, (Gy). 4 53.(1g— LSF;VL( .

10



Where Dy is the target dose to the normal liver. Using resin microspheres, this
target dose to the normal liver is variable, between 40 Gy for the whole liver to
more than 150 Gy for a segmental treatment. The absorbed dose to the tumor(s)
must be at least 100 Gy for expecting clinical response(34). For glass
microspheres, a similar approach was applied to HCC patients with a targeted
tumor dose of at least 205 Gy and a healthy (targeted) liver dose of maximum 120
Gy (35, 36).

However, this multi-compartmental model assumes a perfect correlation between
the MAA distribution and the real distribution of the °°Y microspheres. This
consideration is questionable and subject to debate. Indeed, some previous
studies demonstrated heterogeneous results in the ability of MAA imaging to
precisely determine the tumor doses (37-44). This can be explained by several
factors, in particular the fact that MAA particles have a smaller mean size (15 um
versus 25-32 um for microspheres, with a larger range of size distribution from 10
to 60 um), a lower density, a random shape and are injected in lower number as

compared to the radioactive microspheres (41, 45, 46).

To the contrary of resin and glass microspheres, PLLA microspheres can also be
used as scout dose during this workup phase. This scout dose (maximum 250 MBq
166

Ho) substitutes MAA without radiation-induced toxicity (47). Using identical

particles between the workup and the treatment permits to predict with more

11



accuracy the liver distribution and especially the tumor doses (44). Moreover, the
scout dose of PLLA microspheres seems to better estimate the lung shunt fraction
as compared to MAA imaging (48).

1.2 Physical and radionuclide properties of microspheres

y-resin microspheres, *°Y-glass microspheres and **®°Ho-PLLA microspheres have
different physico-chemical characteristics. Table 2 summarizes the main physical
characteristics of *°Y and **°Ho radionuclides.

Both emit beta particles of high energy with a similar mean range of 2.5 mm.
More than 90% of the radiation are delivered during the first 11 days for °Y (half-

life: 2.7 days) and in only 4 days for **°Ho (half-life: 1.1 day) (49, 50).

Table 2: Physical characteristics of radionuclides

Radionuclide | Labeled Half-life Beta Range of beta | Other
microspheres emission radiation emissions

(E. max)

Yttrium-90 Resin or glass 2.7 days 2.28 MeV Mean : 2.5mm | Positron

*°y) (Max : 11mm) | (32.10®)

Holmium- PLLA 1.1 day 1.77  MeV | Mean :2.5 mm | Gamma

166 (**°Ho) (49%), 1.86 | (Max:8.7mm) | (6.7%,82
MeV (50%) keV)

12



Table 3: Structural characteristics of radioactive microspheres

Microspheres | Diameter | Density Approximative Activity
(mean) number of micro- | per
spheres per GBq* microsphere
Py-Resin 32 um 1.6 g/ml 13.10° 50 Bq
*%y-Glass 25 um 3.3g/ml 0.4.10° 2500 Bq
%®Ho- PLLA 30 um 1.4 g/ml 10. 10° 450 Bq

*On the day of calibration (approximately). PLLA: poly-(L-lactic-acid)

The specific activity per sphere is respectively 50 and 5 times higher for glass
microspheres as compared to resin and PLLA microspheres. The number of
microspheres also differs between formulations: approximately 10 million for
PLLA, 40 million for resin and only 4 million for glass microspheres (for a 3 GBq

activity at the time of treatment).

1.3 Effects of microspheres at a voxel level

Due to their structural differences (Table 3), these microspheres have a different
distribution into the liver at the sub centimeter level, which results in major
variations in local absorbed doses.

Investigations of the local deposition of microspheres can be investigated in vivo

by imaging (SPECT, PET and MRI) or simulated by computational models or by in

13



vitro artificial models of the hepatic arterial system. An excellent agreement was
recently demonstrated between the deposition of microspheres simulated with a
computational model and the real distribution observed in patients with *°Y
PET/CT (51). Especially, time of flight (TOF)-PET systems have the ability to
capture with accuracy the distribution of the microspheres (52, 53). Contrarily to
external radiotherapy, the absorbed dose distribution is heterogeneous in RE,
resulting from a heterogeneous microsphere distribution at a voxel level (54, 55).
Heterogeneity pattern in the activity distribution post radioembolization were
evidenced by independent modalities: ex vivo microscopy analysis of liver tissue

resection (55), microCT using glass microspheres (56), **°

Ho loaded spheres with
MRI imaging (57) and Monte Carlo simulations of spheres transport in the hepatic
arterial tree (52, 58).

. 1
Y-resin, *°Y-glass and '*°

Ho-PLLA microspheres have similar diameters permitting
to reach similarly the microvasculature of tumors. The higher density of glass
microspheres (Table 3) does not have a significant impact on the microspheres
distribution compared to resin microspheres, as demonstrated by an
experimental in vitro model of the hepatic vasculature (59). However, Jernigan et
al. investigated the effects of density and demonstrated a lower penetration of

glass compared to resin microspheres in a surrogate hepatic arterial system (60).

In their flow model, the distal penetration depth was significantly lower for glass

14



microspheres and could be theoretically responsible of a reduced coverage of the
tumor.

The main differences between microspheres are the specific activity per sphere
and the number of injected microspheres during a treatment. Especially, glass
microspheres are highly radioactive (2.500 Bq) and in limited number compared
to others. Using a computational model, Walrand et al. demonstrated an
asymmetrical distribution of the microspheres in the arterial liver tree, resulting in
a large nonuniformity in the microsphere deposition at a sub centimeter level,
especially when the number of microspheres is limited (52). In an in vivo study in
pigs, Pasciak et al. confirmed the correlation between the number of injected
microspheres and the degree of homogeneity of the absorbed dose at a
microscopic level (56). In this study, four pigs received lobar infusions of *°Y glass
microspheres with an activity reaching a similar target liver dose of 50 Gy. In each
pig, the injected glass microspheres differ in specific activity and number (from
1.532 Bg/microsphere and 610 microspheres/ml of tissue to 70 Bg/microsphere

and 15.555 microspheres/ml of tissue), as illustrated in Figure 2.

15



D k)

Day 4 Day 8 Day 12 Day 16
2630 55.4 Gy 49.6 Gy 50.8 Gy 53.3 Gy
[ 1532 Bg/MS 540 Bq/MS 193 Bg/MS 70 Bg/MS
610 MS/mL 1,755 MS/mL 5,558 MS/mL 15,555 MS/mL

1760 |

880 |

Activity per microsphere (Bq)

Q\\

0! 1 1 1 1 = I e —

2 4 6 8 10 12 14 16
Days post-calibration

Figure 2: Amount of glass microspheres injected in pig livers as a function of time
from microsphere calibration (4, 8, 12 or 16 days), resulting in spheres of different

specific activity and concentrations (adapted from Pasciak et al. (56)).

The analysis of the microdosimetry data demonstrated important differences in
absorbed doses deposition at a microscopic level. Each pig received the same
average dose of 50 Gy but the distribution at a microscopic level was clearly
different, very inhomogeneous when the number of microspheres was lower. The
percentage of healthy liver receiving at least a potentially toxic dose of 40 Gy was
only 24% for microspheres in relatively small number (e.g. 610 microspheres/ml
of tissue) and important at 53% using more numerous microspheres (e.g. 15.555
microspheres/ml of tissue)). This effect is well illustrated in Figure 3.

Using microspheres in limited number induces a more heterogeneous liver

distribution but also permits to be less toxic, avoiding to reach a toxic dose in a

16



large part of the normal liver. Using a Monte Carlo modeling, Pasciak et al.
demonstrated also a similar behavior in tumors (61). The microsphere
concentration was directly correlated with the tumor absorbed dose

homogeneity.

140 Gy

L1206y

Figure 3: Artistic rendering of microscopic microsphere deposition at day 4 post-
calibration (a), 8 post-calibration (b) and 12 post-calibration (c). Increased
homogeneity of absorbed dose is apparent for glass microspheres injected at day
12 post-calibration (e.g., 193 Bg/microsphere, 5.558 microspheres/ ml). The
proportion of the liver receiving a dose higher or equal to 40 Gy (red and yellow)
was higher for glass microspheres injected at day 12 post-calibration (c). Adapted

from Pasciak et al. (56).

In this model, no significant differences were observed for microsphere
concentration in the range of 10.000-70.000 spheres/ml of tissue but apparent
differences appear below 5.000 spheres/ml of tissue, resulting in more
heterogeneous tumor dose distribution and risk of ineffectiveness. In this study,
they also simulated the minimal dose deposited in 70% of the tumor (D70) and

demonstrated a decrease up to 20% for the lowest microspheres concentration
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(200 spheres/ml of tissue). Very interestingly, they also estimated the
microsphere concentration in tumors receiving an absorbed dose of 100 Gy or
250 Gy with °Y- resin microspheres and °Y glass microspheres. For a tumor
absorbed dose of 100 Gy with *°Y resin microspheres, the microsphere density
was largely above the critical concentration of 5.000 spheres/ml but came under
the limit for *°Y glass microspheres with a range between 820 and 18.600/ml.
However, using a tumor-absorbed dose of 250 Gy, the microsphere concentration
stayed optimum in a range between 2.050 and 46.500/ml for *°Y glass
microspheres. Therefore, by targeting a higher tumor absorbed dose (> 100 Gy)
with *°Y glass microspheres, the dose distribution at a microscopic level is more
homogeneous, reaching an efficient dose deposition in a large part of the tumor.

Py_ resin and®®®

Ho- PLLA microspheres could have an embolic effect because a
high number of particles are injected in the liver arterial tree (Table 2). However,
this effect may be very limited in particular because they have a very small size,
permitting to reach the terminal microvasculature (62). Moreover, Bilbao et al.
demonstrated no significant ischemic effect in pig liver models after injection of
large quantities of non-radioactive resin microspheres (63). This is also explained

by the unique dual blood supply of the normal liver, provided mainly by the portal

vein.

1.4 Clinical applications
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SIRT is part of the treatment strategy of primary liver malignancies and liver
metastases (30).

The treatment options in HCC depend on the Barcelona clinic liver Cancer staging
system (BCLC stage) (64). This classification takes into account the tumor
characteristics (size, number of tumors, portal invasion or extra hepatic spread),
the underlying liver function (Child-Pugh score) and the patient’s performance
status (Eastern cooperative oncology group [ECOG score]) (65). The BCLC stage
accurately predicts the patient survival and help to determine the best treatment
options. Recent recommendations of the European Society for Medical Oncology
consider SIRT as an alternative treatment for BCLC stages A, B and C (66, 67). No
randomized studies evaluated the interest of SIRT in BCLC A patients. However, a
recent large retrospective study demonstrated that SIRT was efficient in
unresectable solitary HCC alone or as neoadjuvant for bridging to a curative
surgical approach (68). For intermediate HCC (BCLC B), transarterial
chemoembolization (TACE) is recommended as first line therapy. However,
previous prospective randomized studies demonstrated similar survival outcomes
comparing TACE to SIRT (69). A randomized trial also demonstrated a better
tumor control with SIRT compared to TACE (70). Considering the advanced stage
(BCLC C), systemic therapies are often preferred using immunotherapy
(atezolizumab plus bevacizumab) or targeted therapy (sorafenib, regorafenib...).

Comparing SIRT to sorafenib, previous control randomized trials demonstrated
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similar outcomes (71-73). The main results of the prospective and randomized
studies in HCC are summarized in table 4. Moreover, the NEMESIS study
computed the results of these three randomized trials, analyzing 1243 patients
(73). This metanalysis confirmed that SIRT is non-inferior to sorafenib comparing
0OS (10.2 mo versus 9.2 mo; hazard ratio: 0.91 with Cl 95% 0.78-1.05) and
highlighted the better tolerance of SIRT (29% severe adverse events with SIRT
versus 43% with sorafenib, P < 0.01).

Comparative studies did not demonstrate differences in response rates and
patient outcome between resin and glass microspheres (74, 75). No data are
currently available to evaluate the efficacy of PLLA microspheres in HCC. A disease
control rate of 90% at 6 months was reported in a retrospective study enrolling
only 9 patients BCLC B and C (76).

Table 4: Prospective and randomized studies in HCC

Number Adverse
. UMBer BeLe events TTP | PFS | OS
Studies groups of TRR
atients score (= grade (mo) (mo) | (mo)
p 3)
Pitton et (rSe':Il) 12 ?é)oy NA NA 12.4 6 19.7
al. 2015 A 8;
(77) TACE 12 B:92(:’/ NA NA 11.2 72 | 263
. (]
IRT A: 759 .
Salem et (Slass) 24 B. 2?;’ NA 87% | >26 NA | 186
al. 2016 |8 = 81;
(70) TACE 21 . 19; NA 74% 4.8 NA | 17.7
. (]
SARAH SIRT C: .
71) (resin) 237 100% 41% 19% NA 4.1 9.9
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C: *
Sorafenib 222 100% 63% 12% NA 3.7 9.9
SIRT B: 61% *
1 9 9 . . .
SIRveNIB (resin) 30 C:39% 28% 23% 6.1 6.3 8.8
(72) B: 549 .
sorafenib 162 c 25; 51% 2% 5.4 5.2 10
. 0
SIRT A: 4%
(resin) + 114 B: 28% 65% NA NA NA 14
SORAMIC | sorafenib C: 68%
(78) A: 2%
sorafenib 174 B: 28% 54% NA NA NA 111
C: 70%

* Differences statistically significant (P < 0.05); NA: not available, TRR: tumor response rate; TTP:
time to progression, PFS: progression free survival; OS: Overall survival

For advanced intrahepatic (liver dominant) cholangiocarcinoma (ICC), a treatment
strategy including SIRT could be considered, performed alone or in combination
with systemic chemotherapy (79). However, available literature is still insufficient
to make strong recommendations (80). A recent phase 2 study using SIRT (glass
microspheres) and concomitant first line chemotherapy demonstrated a high
disease control rate with a tumor downstaging followed by a curative surgical
approach in a significant number of patients (81).

For metastatic liver dominant colorectal cancer, SIRT should be considered for
patients with a chemo-resistant disease (82). However, previous large randomized
phase 3 trials failed to demonstrate superior overall survival (OS) and progression
free survival (PFS) comparing a first line systemic chemotherapy +/- SIRT (83).
However, the liver PFS and the technical resectability of liver metastases were

significantly improved in the group treated with addition of SIRT (84, 85). A recent
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phase 3 randomized trial studied also the addition of SIRT with a second line of
chemotherapy for patients in progression after a first line of oxaliplatin or
irinotecan. This study demonstrated a slight improvement of the liver and global
PFS but no survival benefit (86). Similar survival rates were also shown using resin
or glass microspheres in colorectal chemo-resistant metastases (87, 88). A phase 2
study in only 23 patients treated with holmium-166 microspheres in salvage
therapy of colorectal liver metastases also demonstrated similar outcome (overall
survival: 13.4 mo versus 8.3-15.2 mo with *°Y-microspheres) (89, 90)

Liver metastases of neuroendocrine tumors can also be treated by SIRT. However,
no randomized controlled trial demonstrated the efficacy of this treatment
allowing strong recommendations (91). Nevertheless, a recent single-arm phase 2
study demonstrated the safety and the efficacy of one additional SIRT (PLLA
microspheres) to a peptide receptor radionuclide therapy (92).

Clinical data (retrospective studies) demonstrated also a high disease control rate
using SIRT in liver metastases from breast origin (93). Similarly to neuroendocrine
tumors, no randomized controlled trials are available and there are still no

recommendations in this indication (94).

1.5 Effects of microspheres at a macroscopic level: clinical effects
SIRT is usually well tolerated by patients. Severe adverse events are rare,

including REILD (< 4%), gastrointestinal ulcer (< 5%) and radiation pneumonitis (<
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1%) (62). These adverse events can be limited by a good selection of patients,
excluding those with respectively advanced cirrhosis, a persistent MAA uptake in
the digestive tract after repeated simulation arteriography and a significant lung

shunt (> 20%).

Physical characteristics of the radioactive microspheres explain also their different
toxicity and efficacy profiles. Regarding PLLA microspheres, more data are needed

to evaluate and compare its efficiency and toxicity.

As far as toxicity is concerned, an excessive radiation dose to the healthy liver can
induce a severe and potentially life-threatening complication, REILD with an
incidence rate inferior to 4% (62). It is defined as a sinusoidal obstruction
syndrome and a liver damage within 3 months after RE, in absence of tumor
progression(95). This complication tends to occur especially when a large volume
of liver parenchyma is exposed to radiation. Other risk factors include a recent
exposure to chemotherapy and underlying cirrhosis (28). In external beam
radiotherapy (EBRT), this complication occurs with a whole liver dose of 30-35 Gy
(96). The tolerance is higher in RE, 40-50 Gy for resin microspheres and up to 90
Gy with glass microspheres (97-99). A study in pigs with administration of PLLA
microspheres demonstrated no toxicity with absorbed doses over 100 Gy. In

human studies in phase 1 and 2, the whole liver absorbed dose was limited to 60
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Gy and was not associated with liver toxicity (89, 100). The homogeneity of the
dose distribution explains the relative lower liver dose tolerability of external
radiotherapy. To the contrary, a large heterogeneity of the dose distribution is a
characteristic of RE, hence a relatively lower proportion of the liver parenchyma
receives toxic doses (i.e. 30-35 Gy). As well described by Pasciak et al. (56), this
liver dose heterogeneity is directly correlated with the number of microspheres
injected in the liver. This characteristic could explain why the tolerable dose is
significantly higher using glass microspheres with a reduced number of
radioactive microspheres injected in the liver (table 3).

Another possible complication is the development of gastric/ duodenal ulcers,
reported in 3.1% with resin microspheres and 0.1% with glass microspheres(101).
A gastrointestinal deposition of microspheres leads to radiation induced
ulcerations. It can occur when the liver arteries communicate with the digestive
tract by collaterals or when the microsphere injection is administered in close
digestive arteries such as the gastro duodenal artery or the right gastric artery
(23). Prophylactic coil embolization of the hepato-splanchnic arteries or more
distal injections of microspheres can be performed to prevent this complication
(62). The main risk factor for gastro-duodenal ulceration is a stasis of the blood
flow during the microsphere administration causing retrograde flux and extra-
hepatic deposition(102). Due to the high number of injected microspheres (table

3), a potential stasis can occur during the administration of resin or PLLA
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microspheres (103). With resin microspheres, an early stasis may occur in 20% of
the procedures, resulting in an incomplete delivery of the prescribed activity and
a suboptimal dose to tumors (104). Conversely, no evidence of flow stasis was
demonstrated with glass microspheres, especially because a relatively small

number of microspheres is injected (table 3) (105).

With regards to efficiency, tumor dosimetry is the predictive factor in SIRT.
Previous data demonstrated a sigmoid relationship between the tumor absorbed
dose and the radiological response (98, 106, 107). HCC patients treated with resin
microspheres had better disease control and overall survival when tumor
absorbed doses were above 100 Gy. Similarly, HCC patients treated with glass
microspheres had also a better outcome with a tumor-absorbed dose of at least
205 Gy (108, 109). For colorectal metastases, a dose response relationship was
also demonstrated with the three types of microspheres. A significant metabolic
response was achieved with a tumor cut-off dose of 50-60 Gy with resin
microspheres (110, 111), 139 Gy using glass microspheres (112) and 90 Gy using
PLLA microspheres (113). The tumor dose distribution and its heterogeneity can
be assessed with *°Y PET/CT using dose-volume histograms (DVH). The tumor
dose distribution showed predictive of the response to therapy. In 7 patients
treated with resin microspheres for HCC tumors, Kao et al. demonstrated a

complete radiological response when D70 was upper to 100 Gy (D70: minimal
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dose to 70% of the tumor volume) and an incomplete response under this
threshold (114). In 38 HCC patients treated with glass microspheres, D70 was also
significantly higher in responders (median 140 Gy) compared to non-responders
(median 24 Gy) (115). Figure 4 demonstrates an example of dose deposition after
radioembolization (resin microspheres) of a large HCC. *°Y PET, converted in a
map of absorbed doses, demonstrated a good tumor targeting albeit an
heterogenous distribution of the dose. A large part of the tumor received more
than 100 Gy and a small part receiving a lower dose (< 50 Gy). The proportion of
the tumor volume receiving a minimal absorbed dose can be detailed using a DVH

(Figure 5).

Gy

CT scan with contrast injection 90y PET with dose point kernel convolution

Figure 4: Tumor dose deposition after dose point kernel convolution of *°y PET.

The tumor contours are delineated in black.

26



100+

904

704

604

504

404

Relative tumor volume (%)

304

204

104

L T T L) 1) T T 1
0 50 100 150 200 250 300 350 400 450
dose (Gy)

Figure 5: Dose volume histogram of the same tumor. In this case, 70% of the

tumor volume (D70) received ca. 100 Gy.
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2. Aims of the thesis

The objective of the thesis is to focus on dosimetry performed in liver
radioembolization. Dosimetry refers to the calculation of absorbed doses and its
optimization in dose delivery in patients treated by radiation therapy.

In this field, many avenues remain to be explored in RE from the dose planning to
the post-treatment evaluation. Optimized dosimetry could result in more
effective and safe therapy.

For post-therapy dosimetry, °Y PET/CT is able to precisely evaluate the liver and
individual tumor activity deposition, hence absorbed doses. Our large clinical
database accumulated over more than 10 years with a systematic post-therapy
PET/CT can be used for dosimetry studies. With this imaging, the dose parameters
can be accurately calculated and correlated with the radiological response and the
patient outcome. Moreover, the tumor dose deposition at a voxel level can be
evaluated to better characterize the effects of radiation in tumors and better
understand the factors inducing response to radiation. Besides, glass and resin
microspheres have different physical and radioactive characteristics, which can be
analyzed and compared using PET/CT.

For the workup, the manufacturers’ recommended methods to calculate the
activity are semi-empirical, not personalized and can be responsible for
underdosing and be ineffective in some patients. MAA imaging is nowadays the

only way to perform personalized dosimetry before RE with *°Y microspheres; its
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accuracy has to be investigated further in the way of optimizing this activity
planning.

Moreover, different types of microcatheters may be used to deliver the
radioactive microspheres. One of them, i.e. antireflux catheter is expected to
induce changes in the downstream arterial flux and modify the tumor targeting.
The effects of this type of catheter was investigated to identify its influence on the
tumor dose deposition.

This thesis will evaluate different ways to use dosimetry in RE for the purpose of

treatment optimization.
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3- Post therapy imaging using Yttrium-90 PET-CT: prediction of tumor response

and patient outcome?

Abstract

y-radioembolization (RE) using glass or resin microspheres is increasingly used
for the treatment of hepatocellular carcinoma (HCC). The aim of this retrospective
study is to determine the prognostic relevance of dosimetric parameters defined
with °Y-PET-CT obtained immediately following RE.

Methods: Forty-five HCC patients, mostly with multiple lesions were treated by RE
between 2011 and 2017. After treatment, all underwent a *°Y PET-CT with time of
flight reconstruction (*°Y-TOF-PET-CT). Tumor absorbed doses and tumor dose
volume histograms (DVH) were calculated using a dose point Kernel convolution
algorithm. The radiological tumor response was assessed using modified (m)-
RECIST criteria. Threshold absorbed doses for radiological response were
determined using ROC curves. Progression-free-survival (PFS) and overall survival
(OS) were analyzed using the Kaplan Meier method and Cox regression analysis.
Results: Twenty-six patients were treated with glass microspheres (73 lesions) and
nineteen with resin microspheres (60 lesions). Thresholds of 118 Gy and 61 Gy for
glass and resin microspheres respectively correlate well with radiological response

(PPV: 98% and 80%) and discriminate patient outcome with regard to PFS (P=0.03

2 Adapted from d’Abadie et al. Nucl Med Commun. 2021; 42: 747-754
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and 0.005) and OS (P= 0.003 and 0.007). Using DVH, a minimal absorbed dose of
40 Gy in 66% of the tumor volume (defined as Dgs) was highly predictive of
radiological response (PPV: 94%), PFS (P<0.001) and OS (P=0.008), for either
device.

Conclusion: Dosimetric parameters obtained using *°Y-PET-CT are predictive of
tumor response, PFS and OS. In clinical practice, a systematic dosimetric
evaluation using *°Y PET should be implemented to help predicting patient

outcome.

3.1 Introduction

Early convincing tumor absorbed dose-response correlations were obtained from
pre-therapy *"Tc-MAA (" Tc-macro-aggregated albumin) SPECT (1-3) and from
post-therapy *°Y bremsstrahlung SPECT (4, 5). During the last decade, following
the introduction of the more accurate *°Y-PET imaging modality (6, 7) better
correlations were found with the absorbed doses (8). Taking into account the
dose distribution heterogeneity as observed with the “°Y-PET based Do still
improved this correlation (9, 10).

The aim of this study is to assess whether the *°Y-TOF-PET/CT based dose
distribution can predict the impact of the radioembolization step within a whole

therapy course, i.e.. including the impact of the selection biases between glass
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and resin spheres radioembolization, and without censoring the patient of the
follow up when performing a further conventional therapy, conventional meaning

other than radioembolization.

3.2 Materials and Methods

Patient characteristics and treatments

Data from 48 HCC patients referred to our institution for RE between July 2011
and July 2017 (table 1) were retrospectively analyzed after approval by the local
ethics committee (2017/27JUI1/334). Three patients were excluded, because of the
lack of *°Y-PET-CT imaging (n=2) or uncorrectable motion artifacts (n=1).

Most had intermediate or advanced stage HCC (78%). 26 patients were treated
with glass and 19 with resin microspheres. 59 liver RE were performed according
to standard guidelines (11). 14 patients received two treatments within an
interval ranging from 16h to 16mo. Glass and resin microspheres were used in 34
and 25 treatments, respectively, with a median activity of 2.6 and 1.5 GBq at the
injection time. Treatments with glass microspheres were performed one week
after *°Y calibration.

Vascular invasion was more frequent in patients treated with glass microspheres

(38% vs 10%; P<0.05) and especially segmental portal thrombosis. Conversely,
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more patients (73% vs 35%; P<0.05) treated with resin microspheres had large

tumors (size2 5 cm).

Table 1: Patients’ characteristics

Glass microspheres

Resin microspheres

Number of patients 26 19
Age (mean £S.D.) 69 = 12 71+10
Male / Female (%) 85/15 79/21
Cirrhosis (%) 77 63
Child A/B (%) 77/23 95/5
BCLC A/B/C (%) 23/39/38 21/68/11
Multifocal 2 5 (%) 31 47
Vascular invasion (%)* 38 10
Segmental portal vein (%) 19 0
Branch portal vein (%) 8 5
Main portal vein (partial ; %) 11 5
Tumor size > 5cm (%)* 35 73
Bilobar tumor involvement (%) 42 47
Extra hepatic metastases” (%) 4 >
P ’ (lung and bone) (lung)
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Therapies before last radioembolization (%) 65 42
Radiofrequency- alcoholization(%) 8 16
Chemoembolization (%) 31 26
Radioembolization (%) 35 21
Tyrosine-kinase inhibitor (%) 0 11

Liver surgery (%) 4 5

Liver transplantation (%) 0 5
Therapies after last radioembolization (%) 38 37
External beam radiotherapy (%) 4 0
Chemoembolization (%) 8 16
Tyrosine-kinase inhibitor (%) 15 10

Liver surgery (%) 8 0

Liver transplantation (%) 0 5

* Differences between groups are statistically significant (P < 0.05)
+ Detected after radioembolization and not related to death

Dose distribution assessment

Within 20h following RE, a 45-min-"°Y-TOF-PET/CT (Gemini TF 16, Philips Medical
Systems, Cleveland, OH) was acquired. *°Y activity distribution was transformed
into a 3D map of absorbed doses using a previously detailed method (7). In short,
reconstruction was performed with the 3-D line of response (LOR)-TOF blob-based
Philips algorithm (2 iterations, 33 subsets; reconstructed voxels of [4mm]?). Voxel
counts were converted in activity using the PET calibration factor and *°Y positron
yield. Absorbed dose distributions of individual tumors were calculated by
convolving the *°Y activity distribution with a dose point kernel algorithm, jointly

with a spatial resolution recovery (7) .
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Lesions were delineated manually on pretherapy imaging using T1l-weighted
contrast-enhanced MRI (n=50) or arterial contrast enhanced CT-scan (n=8, when
there was a contraindication for MRI), using PMOD 3.7 (PMOD Technologies LLC,
Zirich, Switzerland). Tumor volumes of interest (VOIs) were fused with the 3D-
map of tumor voxel doses on *°Y-PET-CT images using a rigid transformation
(PMOD 3.7). For all lesions, a dose-volume histogram (DHV) was computed and
also the Dgg defined as the minimum absorbed dose deposited in 66% of the
tumor volume (e.g. Figure 3). A reduction of 66% in viable tumor volume
corresponds to a reduction of 30% of the diameter, criterium for radiological
response with mRECIST.

A total of 73 and 60 lesions were analyzed after glass and resin microspheres RE,
respectively. For lesions treated in the previous 6 months, the absorbed dose was
the cumulative dose of both treatments (n=12).

Dosimetric parameters were analyzed retrospectively and did not influence the

patient management.

Tumor response evaluation

Only lesions with a transverse axis >10 mm were analyzed. Tumor response was
assessed using recommended modified RECIST criteria (mRECIST) at last time
point available. Contrast-enhanced MRI or CT scan were obtained every 2 months

until progression or death. Targeted lesions were assessed by a senior radiologist
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expert in liver tumors, blinded to tumor uptake and dosimetry data. At any time,
response was defined as 30% decrease and progression as 20% increase of viable
tumor (enhancing during the arterial phase) compared to baseline imaging.
Moreover, a stable lesion 6 mo after therapy is categorized as a non-responding
lesion. The number (s.d.) of tumors per patient was 2.5 (1.8) and 2 (1.6) in the

resin and glass microspheres groups (P= 0.06).

Patient outcome evaluation

Overall survival (0S) was defined as the time between RE (first one if appropriate)
and death from any cause. Progression free survival (PFS) was defined as the time
from RE to objective progression in the liver or death.

Censoring was applied for patients still alive (OS analysis) or without objective
progression, at last radiological time point available (PFS analysis).

Only the largest lesion was analyzed for the OS and PFS in order to avoid excessive
partial volume effect on the dose distribution assessment. All lesion sizes were
above 20 mm except in one patient (15mm). For univariate and multivariate
analyses, all patients were combined using an effective tumor dose Dcg. For this
purpose, the cutoff for resin microspheres absorbed dose was converted into an
“equivalent glass microspheres absorbed dose (Equ. Glass TD)” using a
multiplication factor of 1.9, as explained in the discussion section. For univariate

analysis, the following variables were evaluated: Equ. Glass TD, D¢, portal
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thrombosis, bilobar tumor involvement, total bilirubinemia =2 mg/dl, Child B
score, tumor size >5cm, stages BCLC B and C, anemia (Hb < 10 g/dl), age =75
years. For multivariate analysis, variables with significant results in the univariate

analysis were included.

Statistical analysis

Wilcoxon distribution free comparison test or Student’s t test were used to
compare groups receiving different devices. Sensitivity (Se) was defined as the
ability of the absorbed dose to predict radiological response whereas specificity
(Sp) was defined as the ability of the absorbed dose in predicting no radiological
response. Absorbed dose thresholds for response were determined using
receiver-operating characteristics (ROC) curves, analyzed with a freeware
calculator from Johns Hopkins University (12). Kaplan-Meier method with a log-
rank test was used for univariate analysis. Cox proportional hazard model was
used for uni- and multivariate analyses. Analyses were conducted using Prism
(version 7.0, GraphPad Software, La Jolla, Ca) and IBM SPSS statistics software

(version 25.0, Armonk, NY). A P value <0.05 was considered significant.

3.3 Results
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Tumor response

For glass microspheres, median (range) absorbed doses were 194 Gy (70-1426 Gy)
and 95 Gy (51-142 Gy) in responding and progressive lesions, respectively
(P<0.001). For resin microspheres, median absorbed doses were 102 Gy (55-568
Gy) and 46 Gy (0.4-314 Gy) in responding and progressive lesions, respectively (P

<0.001). An example is given in Figure 1.

Figure 1: Example of large HCC lesion (white arrow) developed in the right liver on

the arterial phase of the contrast enhanced CT scan (a). *°Y PET/CT (b) obtained
just after glass microsphere therapy demonstrated an excellent tumor uptake
(TD=134 Gy, Dgs=81 Gy). Four months later, the CT scan confirmed an excellent

radiological response with a large tumor necrosis (c).
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In responding lesions, the absorbed doses were statistically higher with glass
microspheres (p< 0.001) with a glass/resin tumor dose ratio of 1.9. ROC curves
(Fig. 2-A) demonstrated that the threshold of 118 Gy resulted in the best
prediction of tumor response using glass microspheres (Se: 93%; Sp: 75% ;
PPV :98%, NPV :50%, AUC: 0.91+0.08); the threshold was 61 Gy using resin
microspheres (Se :87%, Sp :64%, PPV :98%, NPV :80%, AUC: 0.88+0.07).

Examples of dose volume histogram (DVH) demonstrating radiological response or

progression are seen in Figure 3.

A- Absorbed doses B- Dgs
1.0

09 09

08 08

2 07 3 07

£ e

206 2o0s

2

& &

8 05 g 05

) &

> >

s =

5 04 -]

3 3

03 -e- resin microspheres —

0.24 -a- glass microspheres 0.24

01

0.0 0.0

00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10

1-Specificity (false positive rate) 1-Specificity (faise positive rate)

Figure 2: ROC curves for tumor response prediction using the tumor absorbed
doses (A) and Deg (B). Points of the curves were fitted using specific software
(giving slight discordance with thresholds (red crosses) (12). ROC curves analysis

for resin and glass sphere radioembolizations together (Fig. 2-B) showed a best
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threshold of 40 Gy using Dgs (Se: 91%, Sp: 78%, PPV: 94%, NPV: 70% and AUC:

0.93+0.05).

Glass microspheres Resin microspheres

— example of radiological response for a lesion with a TD of 140 Gy — example of radiogical response for alesonwith a TD of 71 Gy

-+ example of radiological progression for a lesion with a TD of 142 Gy M_‘t,
H ++++ example of radiological progression for a lesion with a TD of 71 Gy

Tumor volume
°
g

dose (Gy)

Figure 3: Examples of DVH using glass (left panel) and resin microspheres (right
panel). The DVH are shown for examples of tumors with similar absorbed doses
but different radiological responses. Using glass microspheres and two lesions
with similar absorbed doses (140-142 Gy), the responding lesion has a DVH
characterized by Dgg=96 Gy (continuous line) and the progressive lesion has a DVH
characterized by Dg=31 Gy (grid lines). A similar behavior is found using resin

microspheres for which the absorbed dose is lower ie. 71 Gy.

Survival Analysis

Table 2 summarizes median OS and PFS for glass and resin microspheres
treatments. Tumor control and patient survival were strongly correlated to the

tumor absorbed doses, with a clear discrimination using threshold doses of 118

Gy and 61 Gy with glass and resin microspheres respectively.
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Table 2: Overall survival and progression-free survival.

Glass Resin Des (resin & glass)
<118 =118 <61 =61 <40 =40
all all all
Gy Gy Gy Gy Gy Gy
Number
of 7 19 26 5 14 19 13 32 45
patients
Median
0S(mo) | 5.6 14.6" 12.3 5.3 16" 13.4 6.5 16" 12.4
Median
PFS (mo) 1.8 5.5 3 1.6 46" 2.9 1.8 5.4° 2.9

P<0.05 P<0.01"P<0.001’

Kaplan-Meier curves of OS and PFS (Figure 4) demonstrated also the significant

discrimination between groups.
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Figure 4: Kaplan-Meier analyses for OS (A) and PFS (B) using tumor absorbed

doses. See table 2 for P values.

Using the same cutoff of 40 Gy for either type of microspheres, a similar
discrimination was found with Deg (table 2 and figure 5). Accordingly, Dgs<40 Gy
was analysed for all patients using the Kaplan- Meier method (table 2) and

uni/multivariate Cox analyses (table 3).
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Figure 5: Kaplan-Meier analyses for OS (A) and PFS (B) using Dgs.

As shown in Table 3, univariate analysis of OS demonstrated that Equ. glass TD
<118 Gy, Dge<40 Gy and portal thrombosis correlated with worse prognosis using
the Cox regression. Only Equ. glass TD <118 Gy and Dg<40 Gy correlated with
worse PFS using univariate analysis.

Only Equ. glass TD <118 Gy and portal thrombosis were statistically associated
with a worse OS in the multivariate analysis. Dgg and Equ. Glass TD are both
dosimetric parameters and matched similarly with the patient outcome,
explaining why only one of them is statistically significant at the multivariate
analysis. Thus, Deg was secondarily analyzed in a second multivariate analysis
excluding equ. glass TD (table 4). Then, this parameter became significant for the

OS analysis.
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Table 3: Overall survival and progression-free survival Cox analyses

& Factors Univariate analysis Multivariate analysis
HR® HR'
P value P value
(95% Cl) (95% Cl)
Equ. glass TD" < 118 5.9 17.9
<0.001 <0.001
Gy 2.6-13.7) (3.2-100)
2.9 0.3
(O Des < 40 Gy 0.006 0.18
(1.4-6.1) (0.1-1.7)
2.9 3.5
Portal thrombosis 0.07 0.01
(1.3-6.4) (1.4-9.1)
Equ. Glass TD" <118 3.3 1.8
0.001 0.28
Gy (1.6-6.8) (0.6-5.5)
PFS
3.4
Dgs < 40 Gy 0.001 | 2.3(0.7-7.0) 0.15
(1.7-7)

HR* : Hazard Ratio. Equ. glass TD" : Equivalent glass microsphere tumor absorbed mean

dose

Table 4: Overall survival Cox analyses after exclusion of Equ. Glass TD

Factors Univariate analysis Multivariate analysis

HR' P HR'
P value
(95% Cl) value (95% Cl)

2.9 2.8
0s Des < 40 Gy 0.006 0.008
(1.4-6.1) (1.3-6.0)




Portal 2.9 (1.3- 2.8 (1.3-
0.07 0.01
thrombosis 6.4) 6.2)

3.4 Discussion

The three main findings of this study can be summarized as follows. First, a
relationship between *°Y-PET based tumor absorbed doses and patient outcome is
established. Second, the difference in efficiency per absorbed dose between
glass- and resin-microspheres is confirmed. Third, the DVH analysis, using Deg,
clearly highlights that the heterogeneity of tumor deposition is an essential
parameter of clinical outcome.

Based on ROC curves analysis (Fig. 2-A), the best absorbed dose cutoffs for
responses according to mRECIST criteria were 61 Gy and 118 Gy for resin and
glass microspheres, respectively. This represents a 1.9 ratio between glass and
resin microspheres. By multiplying the absorbed dose of each individual tumor
treated with resin microspheres by this 1.9 factor, while keeping the absorbed
dose value for glass sphere, we generated an effective dose which was further
input in the uni- and multivariate analyses. This 118 Gy effective dose cutoff
applied to patients treated with either device, results in the best prediction factor
in the multivariate analysis for OS, but not for PFS. This 1.9 factor is in agreement

with previous data comparing glass and resin microspheres regarding toxicity,
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efficiency and clinical outcome. For liver toxicity, the tolerable whole liver
absorbed dose has been reported to be 40 Gy with resin and 70 Gy for glass
microspheres (factor: 1.8) (8). Monte-Carlo simulations of the microspheres
transport from the catheter tip provide a theoretical explanation of this feature
(12) nicely confirmed in an animal model (13).

A strong correlation between HCC absorbed doses and efficiency was
demonstrated with MAA imaging using a tumor absorbed dose of 205 Gy with
glass microspheres and 100 Gy with resin microspheres (factor: 2.05) (14, 15).

The 118 Gy-threshold for glass radioembolization is remarkably lower than MAA-
SPECT based 205 Gy-threshold found by Garin et al. (14). Beside the numerous
differences in the absorbed doses assessment, a careful analysis of this study
shows that this 205 Gy value was especially highly discriminating in patients with
portal vein thrombosis (2-8 months survival for TD<205Gy versus 9.5-27 months
survival for TD > 205Gy). For the overall patient population the large overlap in
survival (3-24 months for TD<205Gy versus 15-27 months for TD > 205Gy)
indicates that this threshold value is likely too high. Moreover, Garin et al. used a
different method to estimate the tumor volume, an isocontour method based
only on MAA SPECT/CT, which exclude the hypoperfused parts of the tumor
receiving less absorbed doses(16). In our study, the tumor volume was defined
with conventional imaging (CT scan or MRI) and could take into account some

necrotic area, which decrease the calculation of the absorbed dose.
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The same cutoff of mean absorbed dose (61 Gy) using resin microspheres was
correlated with tumor control in the study of Alimant et al., performed with a
similar dosimetric method (17, 18).

It is well known that absorbed doses needed for efficient radioembolization are
higher than those needed with external beam radiotherapy, either conventional
or stereotactic. The main cause is the heterogeneous dose distribution, depending
of the arterial tumor microvasculature for RE. Analysis of *°Y-TOF-PET based DVH
can explain why some tumors progress despite high average absorbed dose
(heterogeneous distribution) and why some tumors respond despite lower
average absorbed doses (homogeneous distribution) (see Fig. 3). Owing to its
excellent spatial resolution, %Y-TOF-PET has the ability to assess the tumor dose
deposition at the voxel level (19, 20). Monte Carlo simulations of microspheres in
the hepatic arterial tree also confirmed a good matching between the spheres
distribution texture and *°Y-TOF-PET imaging (21, 22).

In our study, prediction was improved, regarding OS and PFS, using a Dgg cutoff of
40 Gy for both types of microspheres (Fig. 2B). This Dgs cutoff reconciles dose
levels between external beam radiotherapy (EBRT) and RE (23). Dy, has already
been used in order to predict patient outcome. In a series of 8 patients, Kao et al
(9) reported a Dy threshold of 100Gy in order to obtain a complete response.
However, in line with our study, Flower et al. (10) reported an optimal Dy

threshold of 42Gy for predicting response in 24 patients treated by resin or glass
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microspheres. It could look weird that observing only 66% of the tumor volume
above 40Gy is the best cutoff to differentiate good or worse patient outcome
while it is commonly observed in EBRT that 100% of the tumor volume has to be
above 40Gy in order to get a satisfactory response. Three factors could explain
this apparent discrepancy. First, the tumor VOI used to compute the based voxel
dose can include small necrotic regions not tapping microspheres, which does not
impact the outcome. Second, measured voxel dose at the boundary of the tumor
are artificially reduced as a result of the limited spatial resolution of human PET
imaging. Last, inside the tumor, some measured voxel doses can also be artificially
reduced by statistical fluctuations inherent to acquisition of nuclear decays. All
those effects together could explain, in the patient group with more favorable
outcome, that although 34% of the tumor volume appears to have received less
than the 40Gy threshold with PET imaging, in reality almost all the viable tumor
volume received at least 40Gy. This assumption could be evaluated by high
resolution PET/CT imaging of excised radioembolized tumors in an animal model.

Recent randomized controlled trials failed to demonstrate a superiority of RE
compared to sorafenib in advanced hepatocellular carcinoma (24, 25). No
significant differences in OS and PFS were demonstrated in RE and sorafenib
arms. However, RE was significantly better tolerated compared to sorafenib with
a reduction of the frequency and the severity of side effects (26). Regarding the

dosimetric methodology of these trials, the planned activity was based on an

59



empirical method, the body surface area, without any goal in tumor absorbed
dose targeting. This activity planification is known to be responsible of
underdosing tumors in many cases (27, 28). A recent secondary analysis of the
SARAH trial demonstrated that higher tumor absorbed dose, using MAA SPECT-
CT, was associated with better OS in HCC (15). Also, as previously demonstrated
with a dosimetry based on MAA SPECT (14, 15),°°Y SPECT(5) or recent data using
PY-PET (29), we found a strong relationship between measured tumor absorbed
doses and clinical response. In future prospective trials, tumor absorbed dose
evaluation should clearly be taken into account to allow anticipate better

outcome as compared to other therapies available in HCC.

Study limitations

This study suffers from some limitations related to its retrospective nature. First,
the choice of the device was not randomized and was clinically driven. Glass
microspheres were mostly used in more aggressive HCC lesions (with vascular
invasion). Second, patients were allowed later on to any therapy following RE,
which happened in more than one out of three patients. It should be noted

however that similar therapies were offered after glass and resin microspheres.

Conclusion
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These results demonstrate the importance of tumor dose analysis after RE in HCC
using °Y-PET. A systematic evaluation of dose parameters could predict
radiological response and patient outcome directly after treatment. In case of low
estimated absorbed doses, patient management could be reevaluated and

adapted quickly even before radiological response assessment.
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4- Post-therapy imaging using Yttrium-90 PET-CT: assessment of the

microsphere distribution at voxel level®

Abstract

Clinical studies reported a twofold ratio between the efficacy per Gy of resin
versus glass spheres. Our aim is to investigate whether this difference could result
from the different degrees of heterogeneity in sphere distribution between the
two medical devices. The *°Y TOF-PET based equivalent uniform doses (EUD) was
used for this purpose.

Method: 58 consecutive HCC radioembolizations were retrospectively analyzed.
Absorbed doses D and Jones-Hoban EUD in lesions were computed.
Radioembolization efficacy was assessed using Kaplan-Meier survival curves.
Results: In order to match together the glass and resin spheres survival curves
using a 40Gy-threshold, an efficacy factor of 0.73 and 0.36 had to be applied to
the absorbed doses, respectively. Using EUD, a nice matching between glass and
resin survival curves was obtained with a better separation of the responding and
not responding survival curves.

Conclusion: The results clearly support the fact that the activity heterogeneity

observed in *°Y TOF-PET post radioembolization does not only result from

3 Adapted from d’Abadie et al. Phys. Med. Biol. 2018; 63:245010 and Hesse et al. Front
Oncol. 2021;11:592529
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statistical noise, but also reflects the actual heterogeneity of the spheres

distribution. Use of EUD reunifies the efficacy of the two medical devices.

4.1 Introduction

Review of clinical studies reported a twofold ratio between the toxicities per Gy of
resin and of glass spheres (1), i.e. a whole liver tolerable dose of 70Gy for glass
spheres(2) and of 40 Gy for resin spheres (3-6). Monte Carlo (MC) simulations of
spheres transport in hepatic arterial tree (7-9) evidenced that glass spheres give a
more heterogeneous dose distribution that quantitatively explains the difference
in liver toxicity (7). The sphere distribution measured in liver biopsies post
radioembolization (10) was in agreement with the MC simulations (11).

A twofold absorbed dose efficacy ratio has also been reported (12) when
comparing the results of glass and of resin sphere radioembolization studies in
HCC (3, 13). The aim of this study is to investigate whether this difference is also
linked to the sphere distribution heterogeneity in the tumor’s. This distribution
cannot be modelled in a meaningful way regarding the anarchic tumor
vasculature. Thus, the patient survival probability was predicted by the uniform
equivalent dose (EUD) computed from the tumor activity distribution assessed by

%Y TOF-PET imaging.

4.2 Material and methods
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Radioembolizations

A total of 58 consecutive liver radioembolizations (see supplemental material) in
45 patients with HCC imaged by *°Y TOF-PET were retrospectively analyzed under
approval of the local ethics committee. Patient CHILD scores were A5 (n=30), A6
(n=8), B7 (n=2), B8 (n=4) and B9 (n=1). The radioembolizations were performed
according to the standard liver radioembolization guidelines(14). Glass and resin
spheres were used in 33 and 25 radioembolizations with a mean activity of 2.6
and 1.5 GBq, respectively. No decaying was applied on the sphere vials before
radioembolization, i.e. specific activity at the treatment day of resin and glass
sphere was about 50 and 2500 Bq, respectively.

A 45-min *°Y TOF-PET scan (Gemini TF, Philips Medical Systems, Cleveland, OH,
USA) was performed within 4h (n=55) or within 16h (n=3) following the

radioembolization.

Dose assessment

Voxel absorbed dose distribution was assessed using a validated scheme (15). In
summary: *°Y activity distribution was reconstructed using the vendor 3D line of
response (LOR)-TOF blob-based reconstruction algorithm with 2 iterations and 33
subsets and a 4x4 mm?voxel size. Afterwards, an expectation maximization (EM)
based spatial resolution recovery was applied. This spatial resolution correction

post reconstruction was shown to provide similar recovery coefficients than that
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observed from other PET systems including a PSF modelling in the reconstruction
(16). Last, the activity distribution was convolved with the *°Y dose kernel
distribution in water taking into account the continuous beta energy spectrum
(17).

Volume of interest (VOI) was drawn on up to the 9 biggest lesions, if any, using
the MRI (n=50) or injected CT scan (n=8) and further fused on the *°Y TOF-PET
image. Two dosimetry quantities in the tumor VOIs were evaluated:

The effective absorbed dose D¢ obtained by multiplying the conventional mean
absorbed dose D with an efficacy factor (as,) depending on the medical device,

i.e.:

Defr = agev D (Equation 1)
The Jones and Hoban EUD (18), which is the uniform dose that would give the

same survival fraction than that resulting from the actual dose distribution, i.e:
1 . ,—aD; )
EUD = — - In (L) (Equation 2)

where D; is the absorbed dose in the voxel i inside the tumor VOI, a is the HCC cell
radiosensitivity and N the number of voxels contained in the tumor VOI.

Regarding equation 2, EUD takes into account the dose in each voxel of the tumor
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(D;) with a reverse exponential correlation. EUD drops exponentially when D; is
small. In other words, the more the tumor dose deposition is heterogeneous (low
doses in voxels) and the more EUD strongly decreases.

The a parameter derives from the linear quadratic radiobiological model and
defines the sensibility of tumor cells to radiation. The surviving fraction (SF) of
clonogenic cells depends on the radiation dose D and the cell radiosensibility

defined by the a parameter as follows:

SF =e™®P (Equation 3)
The a parameter can be measured in tumor cell lines (in vitro) or estimated in vivo
based the clinical efficacy to radiation. However, a large variability of a values was
measured, depending on the study design and on the tumor properties (tumor
histology, hypoxia...)(19). Besides, the a parameter was estimated in this study,
defining the best correlation between the dose and the probability survival of

patients.

Efficacy assessment

Efficacy of each medical device was assessed by analyzing the patient survival
probability. In this analyze a total of 26 radioembolizations were censored due to
an additional treatment performed in the patient (see supplemental material), i.e.

were withdrawn at that time from the curve and from the overall number of
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patients. These additional treatments were: additional radioembolization
performed in order to target a novel lesion (n=13); sorafenib (n=4); chemotherapy
(n=3); additional external beam radiotherapy (EBRT) (n=1); additional chemo-
embolization (n=2); transplantation (n=1); hepatectomy (n=2). Three
radioembolizations were censored, the patient being still alive.

A set of Kaplan-Meyer survival curves for the Dos and EUD of the largest lesion
being below and above a 40Gy-threshold were computed from a wide range of
discrete radiobiological a4, and a values, respectively. The use of this 40Gy-
threshold derived from EBRT is justified by the fact that the efficacy reduction
resulting from the sphere distribution heterogeneity has to be taken into account
by equations (equ. 1 & 2). The mean tumor diameter was 5.2 = 3.2 cm (see

supplemental material).

Choice of the optimal radiobiological values

The optimal radiobiological values were chosen as the ag, and a values
corresponding to the Kaplan-Meyer probability survival curves showing the best
agreement between the two medical devices, while preserving a clear separation
between the overall survival fraction (OSF) curves corresponding to Ds and EUD
lower and higher than a 40Gy-threshold, respectively, i.e. by maximizing the

objective function (0):
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(equation 3)
Where t is the delay post radioembolization.
The justification of computing a set of Kaplan-Meyer probability survival curves
for a wide range of discrete radiobiological a4, and a values is linked to the fact
that the objective function O is not a continuous function. Conventional fitting
algorithms estimating the objective function derivative are not adapted to this

feature. Dose parameters were compared using a Wilcoxon

4.3 Results

Figure 1 shows the probability survival curves for the two medical devices and
using the two dosimetry quantities (equ. 1 & 2). The fitted efficacy factors were
ares = 0.73 and ag,ss = 0.36, while the objective function O held on a maximal
plateau for a ranging from 0.034 to 0.038 Gy ™. Figure 1A shows that it is required
to assume different medical device efficacies in order to get similar survival
curves. Figure 1B shows that the agreement between resin and glass survival
curves is further improved when using the EUD (equ. 2) with a single fitted

parameter rather than using the two empirical efficacy factors (1).
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Figure 1: A and B: Kaplan-Meyer survival fraction curves using D¢ (equ.1) and
EUD (equ.2) of the biggest lesion below (green) and upper (red) the 40Gy-
threshold. Solid and dashed lines correspond to resin and glass sphere,
respectively. Open symbols correspond to censored radioembolizations. Figure 1B

was constructed using a values with a range from 0.034 to 0.038 Gy™.

Taking into account the fitted efficacies (Figure 1A), the optimal efficacies factors
(agev) in order to get a good match between resin and glass sphere probability
survival curves, while preserving a clear separation between not responding and
responding patients, are 0.73 for resin microspheres (corresponding to an
absorbed dose of 55 Gy) and 0.36 for glass microspheres (corresponding to an
absorbed dose of 111 Gy).

Table 1 summarizes the tumor absorbed dose D and EUD in the 45 patients of the

study.
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Table 1: Comparison of the dose parameters

Confidence
Median
Interval 95%
D (Gy) 139 97-198
EUD (Gy) 59 48-76

Figure 2 shows the correspondence between the absorbed dose D and the EUD
for the tumors having an absorbed dose lower than 120 Gy, i.e. in the region

surrounding the 40Gy-threshold when taking into account the dose efficacy.
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>
g a
[a) i (0]
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Figure 2: EUD as a function of the absorbed dose D in the range 0-120 Gy. In order
to get a similar EUD, glass spheres (red squares) require an absorbed dose D
about twofold higher than that of resin spheres (blue circles). A uniform absorbed

dose would be the identity line.
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4.4 Discussion

This study demonstrates a two-fold efficacy factor between resin and glass
microspheres (demonstrated by the efficacy factors; Figure 1A), in line with that
reported in previous studies (3, 12, 13).

Assessing the optimal predictive clinical dose threshold between responding and
no responding patients was not the purpose of this study. Clinicians are mainly
interested in evaluating the impact of a specific medical device radioembolization
within a whole treatment frame. Thus, this assessment is usually performed
without aiming to get similar survival curves for the two medical devices, and
without censoring the radioembolization follow up when the patient get an
additional therapy. However, despite these two additional constraints, overall
survival duration of responding patients in this study are about twofold that of
not responding.

Similar probability survival curves, jointly with a better agreement between the
two medical devices, are directly obtained using the EUD for a radiosensitivity of
HCC cells ranging from 0.034 to 0.038 Gy™ (corresponding to the a values used to
calculate EUD in Figure 1B). The fact that a maximal plateau was found rather
than a maximal peak is explained by the fact that Kaplan-Meier curves and the
objective function O remain constant until a small variation of the radiosensitivity

a shifts one patient from one curve to another.
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The 40 Gy dose threshold is commonly used for many cancer types in EBRT where
the dose distribution is homogeneous. A retrospective study in 155 patients
treated by EBRT for HCC also showed that 40 Gy was the minimal threshold in
order to observe some patients with a survival longer than 3 years (20). A recent
review confirm also the efficacy of this cumulative dose in HCC (21). The
successful utilization of this threshold in this study further supports the correct
handling by the TOF-PET based EUD of the dose distribution heterogeneities
arising in radioembolization. The relation between EUD and absorbed dose D
(Figure 2) clearly evidenced that glass spheres distribution in tumour is more
heterogeneous than that of resin spheres, explaining the twofold efficacy ratio.
The linear fit of EUD versus D gave slopes in line with the medical device
efficacies.

We also investigated the impact of using the voxel BED instead of the voxel D
(equ.2) as originally proposed by Jones and Hoban (18). In agreement with Chiesa
et al. (22), using a/B = 10Gy and a repair half-life of 1.5h (3), only a slight
difference between EUD and EUDBED was found (see supplemental material).
This results from the fact that for a heterogeneous dose distribution, the cell
survival fraction is mainly given by the voxels receiving the small doses for which
BED=D.

The 40 Gy given in EBRT per 2 Gy fractions corresponds to a BED of 48 Gy.

However, using the EUD-BED with this 48 Gy BED threshold, the same optimal
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Kaplan-Meier curves than those of Figure 1B were found but for a radiosensitivity
ranging from 0.026 to 0.031 Gy. This observation means that due to the step
behavior of the Kaplan-Meier curves resulting in a finite number of different
survival curves, the patient series is too limited in order to probe the quadratic
dependence of the radiobiological effects.

Table 1 summarizes the different assessments of the radiosensitivity o reported in
the literature.

Table 1: Values of radiosensitivity a parameter reported in the literature for HCC

Studies derived a [Gy] input distribution: | spatial
from resolution

Strigari et al. human in 0.001 tumour mean tumour

2010 (3) vivo dose diameter

Chiesa et al. human in 0.003 PMTCMAA- =1.5 cm

2015 (22) vivo SPECT/CT

this study human in 0.026- Y TOF-PET/CT =0.7 cm

EUDBED vivo 0.031

this study EUD | human in 0.034- | Y TOF-PET/CT ~0.7 cm
vivo 0.038

Wigg et al. cell assay 0.1-0.43 | uniform cell level

2010 (23) irradiation
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Tai et al. 2008 Human in 0.01-0.04 | uniform Tumor

(24) vivo irradiation (EBRT) | diameter

The a value measured by Strigari et al. (3) in human HCC radioembolization is 2
orders of magnitude lower than those measured in cell assay (23) and 1 order
lower than those measured in patients treated by external radiotherapy (24)
(Table 1). Indeed Strigari et al. neglected the tumor dose heterogeneity and
computed the tumor control probability (TCP) by directly multiplying the mean
tumor dose by a. Thus, this a value does not only take into account the intrinsic
cell radiosensitivity, but also the reduction of the dose efficacy resulting from the
heterogeneous distribution. Besides, the lower a value of Chiesa et al. (22) was

99mTcMAA-SPECT/CT for the tumor dose distribution. SPECT and PET

found using
imaging takes into account the intra-tumor voxel dose distribution up to a certain
point depending on their effective spatial resolution. Interestingly, our HCC cell
radiosensitivity coefficient obtained with 90Y TOF-PET/CT based EUD is within the
ranges reported in EBRT, i.e. 0.01-0.04 Gy™ (table 1).

These results support that the activity heterogeneities observed in *°Y TOF-PET
post radioembolization do not only arise from statistical noise, but mainly
represent the actual spheres distribution. This was already evidenced in liver

tissue by MC simulations of spheres transport in the hepatic arterial tree (7, 9) in

which simulated sphere distribution texture matched that observed in *°Y TOF-
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PET imaging. This was still more expected in tumor tissue that takes up about
fourfold more spheres per g than the liver tissue, which results in lower statistical
noise. Moreover, our group confirm very recently this prediction in a work
performed with phantom acquisitions(25). For rods with a diameter above 9mm,
a good agreement was found between the EUD estimated with “°Y-TOF-PET and

the true EUD defined in a phantom study.

To our knowledge, it is the first time that the use of EUD was shown to provide a
better separation between responding and not responding patients. More
valuably, the *°Y TOF-PET based EUD directly allows taking into account the actual
sphere distribution and also the actual activity per sphere that can be tuned by
decaying the spheres vial before radioembolization.

When an additional radioembolization was performed in a patient to target a
novel threatening lesion, the follow up of the previous radioembolization was
censored. The new radioembolization was then followed with regards to the
dosimetry quantities of this novel lesion which, by becoming the major threat to
the patient life at that time, has triggered the additional radioembolization. This
justifies the use of the biggest lesion alone to build the survival curves, regarding
that a smaller lesion will trigger an additional treatment if it progresses. A
literature review of 72 studies including a total of 23968 patients showed that the

size of the largest region had a major impact on the patient survival (26). This

78



impact was also observed in the previously cited local EBRT treatments of HCC
(20).

The present study suffers from the limitation that the radioembolization medical
device was not randomly chosen, but was chosen in function of the HCC pattern
requiring or not a highly selective radioembolization. However, it should be very
unlikely that this could have induced a bias leading to the success in using the

EUD.

Conclusion

The results clearly support the fact that the heterogeneity observed in *°Y TOF-
PET post radioembolization does not only result from low statistics, but also
reflects the actual heterogeneity of the spheres distribution. Using realistic HCC
radiosensitivity, °°Y TOF-PET based EUD reunifies the efficacy of both *°Y medical

devices.
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Supplemental material

pat | treat | CHIL (6N censoring devic diam | D EU EUDBE EUD/
D reason e D D D

[m] [em] | [Gy] | [Gy] | [Gy]

1 1 A5 5.3 resin 5.1 38 26 28 0.69

2 1 A5 3.3 resin 13.6 24 16 16 0.66

3 1 A6 > additional RE glass 5.1 121 36 37 0.30
2.5

3 2 A6 5.8 glass 2.7 58 25 26 0.44

4 1 A5 7.0 glass 3.8 254 70 72 0.27

5 1 B8 >6 additional glass 6.8 96 24 24 0.24

sorafenib

6 1 A5 > additional glass 4.0 95 57 61 0.60
2.6 sorafenib

7 1 A5 >16 | additional RE glass 33 87 48 51 0.55

7 2 A5 17. glass 2.9 320 199 | 246 0.62
3

8 1 A5 >6 additional RE glass 5.7 414 65 67 0.16

8 2 A6 16. glass 2.3 227 80 83 0.35
0

9 1 A6 5.6 glass 12.0 | 109 | 39 40 0.36

10 1 A6 12. glass 4.0 94 24 24 0.25
7

11 1 A6 21. glass 5.5 148 | 53 55 0.36
0

12 1 B7 > additional glass 10.6 | 68 23 23 0.33
1.8 sorafenib

13 1 A5 >3 additional RE glass 8.3 140 72 76 0.52

13 2 A5 >3 glass 6.2 169 93 100 0.55

14 1 A5 12. glass 9.8 135 49 49 0.36
3
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15 1 A5 10. resin 9.2 15 10 11 0.71
3

16 1 B8 > glass 3.6 307 136 | 146 0.44
1.8

17 1 B8 18. glass 3.7 251 90 93 0.36
0

18 1 A6 12. glass 2.0 450 144 | 155 0.32
4

19 1 A5 >6 additional RE glass 7.3 253 47 49 0.19

19 2 A5 >6 additional RE resin 1.1 66 61 69 0.92

19 3 A5 3.4 resin 4.7 69 25 25 0.36

20 1 A5 >12 | additional RE glass 4.5 210 103 | 108 0.49

20 2 A5 9.8 resin 1.3 397 43 43 0.11

21 1 B7 2.9 glass 7.7 97 58 62 0.60

22 2 A5 20. resin 33 334 | 96 100 0.29
0

23 1 A5 >3 additional RE glass 3.3 402 94 98 0.24

23 2 A5 26. resin 3.2 174 | 96 107 0.55
0

24 1 A5 3.0 resin 2.0 56 47 47 0.85

25 1 A6 8.3 glass 6.6 137 110 | 110 0.80

26 1 B9 5.2 resin 2.6 13 14 14 1.05

27 1 A5 > additional RE resin 7.0 227 93 98 0.41
6.7

27 2 A5 > additional glass 6.2 785 107 | 111 0.14
26. EBRT
3

28 1 A5 >21 | additional RE resin 3.3 81 49 52 0.61

28 2 A5 > still alive resin 4.0 204 62 65 0.31
8.2

29 1 A5 14. resin 6.7 82 48 48 0.58
8
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30 A6 >4 additional RE resin 1.8 50 29 30 0.59
30 A6 >3 additional CE glass 1.7 198 50 50 0.25
31 A5 16. resin 2.5 314 115 | 115 0.37
0
32 A5 >3 additional resin 10.6 76 46 49 0.61
chemo
33 A5 >2 additional resin 2.9 102 106 | 106 1.04
chemo
34 B8 3.1 glass 5.1 451 82 85 0.18
35 A5 2.9 glass 12.0 | 74 36 38 0.48
36 A5 >5 additional resin 6.9 26 16 17 0.62
sorafenib
37 A5 > still alive resin 2.8 158 76 81 0.48
16.
2
38 A5 5.8 resin 8.2 137 51 51 0.37
39 A6 >8 transplantatio resin 1.4 143 114 | 134 0.80
n
40 A5 >2 additional RE resin 9.8 57 31 32 0.54
40 A5 > hepatectomy glass 2.0 271 89 93 0.33
9.8
41 A5 8.7 glass 8.4 134 | 66 69 0.49
42 A5 >4 additional RE glass 7.3 225 94 100 0.42
42 A5 > additional CE glass 5.0 592 182 | 195 0.31
7.9
43 A5 >5 hepatectomy glass 4.3 142 106 | 108 0.07
6
44 A5 > additional resin 2.7 55 48 52 0.87
5.4 chemo
45 A5 > still alive resin 3.0 143 60 63 0.42
9.8

RE: radioembolization, CE: chemo-embolization, chemo: chemotherapy, OS: overall survival

duration, censoring time is indicated by the symbol >.
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5- EUD based *°Y-TOF-PET post selective internal radionuclide therapy provides

a similar TCP in HCC than observed in EBRT*

Abstract: Background: Tumor equivalent uniform dose (EUD) is a predictor of
patient outcome after selective internal radionuclide therapy (SIRT) of
hepatocellular carcinoma (HCC) and can be evaluated with *°Y-TOF-PET. The aim is
to evaluate the correlation between PET based tumors EUD and the clinical
response evaluated with dual molecular tracer (*'C-acetate and ‘®F-FDG) PET/CT
post SIRT. Methods: 34 HCC tumors in 22 patients were prospectively evaluated.
The metabolic response was characterized by the Total Lesion Metabolism
variation (ATLM) between baseline and follow up. This response allowed to
compute a Tumor Control Probability (TCP) as a function of the tumor EUD.
Results: The dose response correlation was exponential-asymptotic shaped and
highly significant (R=0.72, P < 0.001). With a cutoff of 40Gy, the metabolic
response was strongly different in both groups (median response 35% versus
100%, P< 0.001). Moreover, the TCP (EUD) was very similar to that observed in
External Beam Radiation Therapy (EBRT). Conclusions: EUD based Y TOF-PET/CT

predicts the metabolic response after SIRT of HCC assessed using dual molecular

* Submitted, in peer review. authors’ list: Philippe d’Abadie, Stephan Walrand, Michel
Hesse, Ivan Borbath, Renaud Lhommel and Frangois Jamar.
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PET tracers and provides a similar TCP curve to that observed in EBRT. Both TCPs

show that a EUD of 100 Gy is needed and sufficient to control a HCC.

5.1 Introduction

Liver selective internal radionuclide therapy (SIRT) is part of the treatment
strategy of hepatocellular carcinoma (HCC) (1) and aims to deliver high efficient
doses to tumors (2). The tumor-absorbed dose is a predictive factor of the
treatment’s effectiveness (3). Comparing the different types of radiation
therapies, the absorbed dose efficacy cutoff for glass microspheres is twice that
for resin microspheres and up to five times more than with external beam
radiation therapy (EBRT) (4-7). The heterogeneous dose distribution in SIRT
explains these differences and can be accurately revealed with Time of Flight
(TOF)-PET *°Y imaging (8, 9) when taking into account the Equivalent Uniform
dose (EUD) (10). EUD reunifies the efficacy threshold doses in SIRT (performed
with resin or glass microspheres) but also in EBRT (11). Previous radiobiological
models developed in SIRT for HCC demonstrated an exponential correlation
between the tumor-absorbed dose and the clinical response assessed with
conventional imaging (5, 12-13). In colorectal liver metastases, a similar
correlation was demonstrated using the metabolic response assessed with *°F-

FDG PET/CT (14, 15).
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Functional imaging (PET/CT) is currently not recommended for the management
of HCC, especially because ®F-FDG PET/CT has a low sensitivity, with a definite
uptake in less than 50-65% of the cases (16). 'C-Acetate PET/CT is more sensitive
for HCC detection, with an uptake reaching 85% (17).

1C acetate enters the Krebs cycle as a substrate for B-oxidation in fatty acid and
cholesterol synthesis which is likely the explanation of its uptake by differentiated
HCC (17). On the other hand, the high level of glucose-6-phosphatase in
differentiated HCC leads to the release of *FDG while poorly differentiated HCC,
which has a low abundance of this enzyme, tends accumulate “®F-FDG (16, 17). As
a result, performing a dual molecular tracer PET/CT acquisition (*'C- acetate and
®F_ FDG) was able to improve this sensibility up to 98% (18).

This study aims to demonstrate a radiobiological model in HCC built on *°Y TOF-
PET/CT based EUD and the metabolic response assessed with dual molecular PET

tracer.

5.2 Materials and Methods

Patients
23 HCC patients, referred to our department for SIRT, were prospectively enrolled
in this study after their informed consent and approval by the local ethics

committee (2015/010CT/522).
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Each patient was evaluated with dual isotope (‘'C-acetate and '®F-FDG) PET/CT at
baseline and at follow-up (FU) 2 and 4 months after SIRT. 4 patients received a
second treatment after an interval of 5 months and were evaluated again. 4
patients had multifocal tumors (2 to 6) while the majority had only one tumor.

A total of 34 tumors demonstrated a metabolic uptake, 80% were positive with
acetate PET/CT, 52% with FDG PET/CT and 40% with both imaging. In one patient,
the tumor uptake was not significant with either PET tracers and the metabolic
evaluation was not possible, resulting in 22 studied patients. No other exclusion
factor was applied.

The patients’ characteristics are summarized in table 1.

Table 1: Patients characteristics

Characteristics Data

Age (Years) 73 (68-79)

Male: 14 (64%)

Sex
Female: 8 (34%)
A: 8 (36%)
BCLC staging B: 8 (36%)
C: 6 (28%)
Tumor volume (ml) 36 (11-97)

Continuous variables described with median and 95% confidence interval between
parentheses. BCLC: Barcelona Clinic Liver Cancer
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Treatment

SIRT was performed according to standard recommendations (19). Resin
microspheres (Sir-Spheres®, Sirtex Medical Ltd., Sydney, Australia) and glass
microspheres (Therasphere®, Boston Scientific, Boston, MA) were used in 17 and
9 treatments, respectively.

A 40-min 2-bed positions *°Y TOF-PET scan (Gemini TF64 Philips Medical Systems,
Cleveland, OH) was acquired within 4 h following the SIRT. Reconstruction was
performed with the 3D line of response (LOR)-TOF blob-based OSEM algorithm
from Philips with 2 iterations times 33 subsets and a 4x4 mm?® voxel size. *°Y
activity distribution was transformed into a 3D-map of absorbed doses using a
previously validated method (20). In summary, voxel counts were converted to
absorbed dose distribution by convolving the *°Y activity distribution with a dose

point kernel, after spatial resolution recovery.

Tumor response assessment

Whole body TOF-PET/CT acquisition (Gemini TF 64, Philips Medical Systems,
Cleveland, OH) was acquired 20 minutes after intravenous injection of *'C-acetate
(370-540 MBq, half-life: 20 minutes). 30 minutes after this first acquisition, *°F-
FDG was injected (280-310 MBq) and images were acquired after an incorporation
of 60 minutes. Acquisitions were performed at baseline and during FU at 2 and 4

months after treatment.
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Tumor contours were automatically defined with acetate or FDG PET/CT using an
isocontour method (41% SUVmax threshold) performed with the MIM software
(V7.1, MIM Software Inc., Cleveland, OH).

For each patient, the tracer, i.e., 1c.acetate or **F-FDG, giving the highest normal
liver to tumor tissue ratio on the baseline PET imaging was selected to assess the
tumor response metabolism.

For each tumor and each time point, the total lesion metabolism (TLM) was
defined as:

TLM = SUVjjean XVolume (1)

The ATLM between baseline (B) and FU defined the metabolic response:

TLMg—TLMgy 100
TLMpg '

ATLM (%) = (2)

The best metabolic response between the baseline and either 2- or 4-month was
considered (corresponding to the maximal effects of radiation).

No TLM cutoffs are established to classify the metabolic response of tumors.
However, regarding EUD, a threshold of 40 Gy was previously defined as an
efficacy cutoff in HCC (11) and corresponded also to the efficacy cutoff in EBRT

(7). Therefore, this cutoff was applied for comparing the metabolic responses.
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Tumor dosimetry

Tumor contours were matched with the 3D map of absorbed doses, as previously
defined, using a rigid co-registration with the MIM software.

Equivalent uniform dose (EUD) was calculated according to the Jones and Hoban

formalism (21):

EUD = —1In (%) (3)

where a is the apparent HCC radiosensitivity, N the number of voxels in the tumor
and Di the absorbed dose in tumor voxel i. The terminology apparent
radiosensitivity was introduced by Chiesa et al. (13) to take into account that this
value depends on the spatial resolution of the imaging system as shown in (22). In
a previous °Y TOF-PET based EUD analyses, the apparent a coefficient was
estimated to be 0.038 Gy™ (11), i.e., about tenfold lower than the intrinsic in vitro
HCC 0.40 Gy™ radiosensitivity (23).

The Tumor Control Probability (TCP) was determined in consecutive EUD bins of
20 Gy. Tumor control was defined as a metabolic response with ATLM 20.80, the

value giving the best sigmoid shaped curve.

Statistical analysis
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Wilcoxon signed rank test was used to compare groups. The correlation was
analyzed using a Spearman coefficient (R).
Analyses were conducted with Prism software (version 7.0, GraphPad Software,

La Jolla, Ca).

5.3 Results

The metabolic response correlated well with EUD (Figure 1): the larger the EUD
the higher the metabolic response. This dose response correlation was linear-
exponential and highly significant according to the Spearman coefficient (R=0.72,
P < 0.001). Moreover, the metabolic response to radiation was very similar for
tumors positive with FDG PET/CT and with acetate PET/CT (Figure 1). The
metabolic response was significantly higher in tumors receiving more than 40 Gy
(median ATLM: 1.0) compared to tumors receiving a lower dose (median ATLM:

0.35, P< 0.001).
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Figure 1: ATLM as a function of the EUD obtained from post-SIRT *°Y TOF-PET.
Blue circles: measured on ''C-acetate PET. Red diamonds: measured on “*F-FDG
PET. Dashed line: ATLM threshold used to discriminate responding and not

responding tumor in the TCP computation.

Moreover, the TCP- EUD correlation in this study was in very good agreement

with previous data reported in EBRT (Figure 2) (24).
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Figure 2: TCP as a function of the EUD. Blues circles: this SIRT study. Red
bullets: External Beam Radiation Therapy (EBRT) derived from Lausch et

al.(24). Red solid line: EBRT TCP fitted with a logistic function.

5.4 Discussion

This study confirms the strong correlation already observed between reduction of
tumor metabolism and EUD (13, 14), as well as between the TCP and the tumor
EUD (12, 13). A novelty of the present observation is that this correlation holds
true when mixing acetate and FDG data for the tumor metabolism assessment.
This makes sense considering the fact that reduction of acetate or FDG uptake

mainly results from the reduction of tumor living cells number. Indeed, proteins
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which constitute the metabolic engines are hugely radioresistant. For instance, a
dose of 100 Gy damages less than 5% of albumin (25) whereas 40 Gy, assuming a
radiosensitivity o = 0.4 Gy (23), kills 1-e*** = 99.99999% of HCC cells (23).
Finally, the use of °°Y TOF-PET to compute the dose, rather than *°™Tc-
macroaggregated albumin (MAA) or bremsstrahlung *°Y-SPECT used in previous
studies (12-14), improved the correlation.

Beyond this dose-response confirmation, the main finding of the study is that the
observed TCP as a function of the EUD in SIRT is very similar to that of EBRT. We
already demonstrated that *°Y TOF-PET based EUD provided the same threshold
to discriminate “responding” and “non- responding” patients in glass SIRT, resin
SIRT and EBRT, i.e., 40 Gy (26). These results proved that *°Y TOF-PET based EUD
rightly takes into account the impact of the heterogeneity of the dose
distribution. In addition, the similarity of the SIRT and EBRT TCPs consolidates that
to surely control a tumor, i.e., TCP = 1, the needed and sufficient EUD is 100 Gy.
The sigmoid shape of the TCP curve enlightens the importance to reach at least a
EUD of 100 Gy in each tumor and emphasize the necessity to optimize the
treatment planning liver to reach this goal (3, 27, 28). Note that the absorbed
dose D needed to achieve this EUD can vary from 190 to 1800 Gy depending on
the dose distribution heterogeneity (see table in supplementary material).

The observed SIRT TCP also explains why the EUD = 40 Gy threshold well split the

patient survival curves into 2 clear different groups (26). Indeed, this threshold
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correspond to the EUD50, as a result one group contains a majority of responding
patients and the other one a majority of non-responding patients.

The optimal ATLM 80% threshold, and not 100%, used to obtain a well-shaped
TCP sigmoid curve results from different effects: errors in the TLM assessment, FU
delay too short to allow all the tumor cells to die or in contrary FU delay
sufficiently long enough to allow a repopulation of the tumor site by healthy liver
tissue which also takes up *'C-acetate or **F-FDG.

This study has some limitations. First, analyses were performed in a limited
number of patients and tumors compared to previous reported studies (12-14).

However, the better accuracy of »°

Y TOF-PET in dose distribution assessment,
versus MAA or bremsstrahlung *°Y-SPECT, reduces the statistical blurring, allowing
to get a good correlation with a reduced number of patients. Only few tumors
received low absorbed doses and demonstrated a poor metabolic response,
limiting the accuracy of our radiobiological model for low doses. Second, the
follow up was 4 months at maximum but some tumors could respond later to
radiation and hence the effects of radiation could be sometimes underestimated,
justifying the choice of the threshold ATLM= 80% rather than 100% in the TCP
derivation (2). EUD is based on a single alpha value and it is likely that the
radiosensitivity may vary between HCC occurring within different clinical entities.

Accordingly, this delayed response may explain why some tumors did not disclose

complete metabolic response 4 months after therapy despite a very efficient EUD.
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Conclusions

PY-TOF-PET based EUD is strongly correlated with the metabolic response in HCC
assessed by dual molecular tracer PET imaging and is associated with a TCP close
to that in EBRT. *°Y-TOF-PET based EUD reconciles dose levels in SIRT and EBRT.
The use of this parameter must be encouraged in future dosimetry studies for a

better understanding of the toxicity and efficacy threshold doses in SIRT.
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Appendix A

pat. | tum. | device | PET D EUD | diff TLM
Gyl | [Gy] | [%]
1 1 glass FDG 306 | 165 | 100
2 2 resin acetate | 531 | 370 | 100
3 3 glass FDG 126 | 72 100
4 4 resin acetate | 191 113 | 100
4 5 resin acetate | 380 | 232 | 100
5 6 resin acetate | 229 | 76 95
5 7 glass acetate | 970 | 83 100
6 8 resin FDG 86 56 94
7 9 resin acetate | 84 51 37
8 10 resin acetate | 95 50 100
9 11 resin FDG 51 27 87
10 12 glass FDG 186 | 66 100
11 13 glass FDG 146 |79 86
12 14 glass acetate | 1811 | 146 | 100
12 15 glass acetate | 308 | 154 | 81
13 16 glass acetate | 692 | 220 | 100
14 17 glass acetate | 128 | 72 99
15 18 resin FDG 74 22 16
15 19 resin FDG 93 23 -71
15 20 resin FDG 317 161 | 100
16 21 glass acetate | 87 51 89
17 22 resin FDG 100 | 39 88
17 23 resin FDG 179 | 58 98
18 24 resin acetate | 701 105 | 100
19 25 resin acetate | 102 | 55 100
19 26 resin acetate | 111 | 75 72
20 27 resin acetate | 121 62 100
21 28 resin FDG 107 61 100
22 29 resin acetate | 28 16 42
22 30 resin acetate | 45 27 52
22 31 resin acetate | 91 51 100
22 32 resin acetate | 100 | 77 100
22 33 resin acetate | 0 0 -18
22 34 resin FDG 43 25 28
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6- °"Tc-MAA imaging to optimize the dose planning in radioembolization®

Abstract

Aim: The methods recommended by the manufacturers to calculate delivered
activities in liver radioembolization are simplistic and only slightly personalized.
Activity planning can also be based on a **™Tc-macroaggregated albumin
SPECT/CT (MAA) using the partition model but its accuracy is controversial. This
study evaluates the dose parameters in the normal liver and in the tumor
compartments using MAA SPECT/CT (pre-therapeutic imaging) and *°Y TOF-
PET/CT (post-therapy imaging). Finally, we propose a prescription of the activity
as a function of the MAA distribution in the normal liver.

Method: 66 procedures of RE (with resin microspheres) corresponding to 171
lesions were analyzed. Tumor to normal targeted liver uptake (T/NTL), tumor
absorbed dose (TD) and whole normal liver absorbed (WNLD) were assessed with
MAA and *°Y imaging. Secondly, activities were recalculated using the MAA
distribution in the normal liver compartment to reach the maximal tolerable liver
dose. These activities were compared to activities defined with the BSA method.
Results: Compared to *°Y imaging, our study demonstrated an accurate estimation

of the WNLD using MAA imaging (Pearson’s R=0.97, P < 0.001). Contrarily,

5 d’Abadie et al. Phys. Med. 2021 ; 89: 250-257
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significant variations were found for TD (R=0.65, P < 0.001). The MAA T/NTL ratio
has an 85% positive predictive value in identifying patients who will get a *°Y
T/NTL ratio above 1.5. Moreover, activities calculated using the MAA distribution
in the normal liver compartment were significantly higher than activities defined
with the BSA method.

Conclusion: Whole normal liver absorbed doses are accurately predicted with
MAA imaging and could be used to optimize the activity planning.

6.1 Introduction

The manufacturers’ recommended methods to calculate the activities in liver
radioembolization are simplistic and only slightly personalized. The body surface
area (BSA) method is the most commonly used for *°Y resin spheres (Sir-Spheres®,
Sirtex Medical Ltd., Sydney, Australia) and does not provide accurate dosimetry
that separately takes into account the dose deposition in tumors and in the
normal liver parenchyma for a dose optimization as requested by the article 56 of
the EEC Directive 2013/59 (1).

Some centers have adopted a more personalized dosimetric method based on the
99mTc-macroaggregated albumin (MAA) distribution in the tumor and the normal
liver compartments known as the partition model (2). This dosimetric method is
considered to be more accurate and enables to plan a safe absorbed dose to the
normal liver and an effective absorbed dose to tumors (3). However, this model

assumes a perfect correlation between MAA particles and the actual distribution
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of the radioactive *°Y microspheres; this consideration is questionable and subject
to debate. Indeed, previous studies demonstrated heterogeneous results in the
ability of MAA imaging to precisely determine the tumor doses (4-6).

The aim of this study is to provide a more optimized dosimetric method for
activity planning in liver radioembolization with resin microspheres. For this
purpose, we firstly evaluated the accuracy of a dosimetric model based on MAA
imaging. We compared tumor absorbed dose (TD) and whole normal liver
absorbed dose (WNLD) calculated with MAA and *°Y datasets in procedures
performed in similar arteriographic conditions. As a second endpoint, we aim to
propose a more accurate dosimetric model based on the MAA absorbed dose in
the normal liver compartment. In this model, the injected radioactivity is
calculated to reach the maximal absorbed dose tolerated by the normal liver

without the risk of severe toxicity.

6.2 Material and methods
Patients and procedures
Patients treated by RE with resin microspheres between 2011 and 2019 were

retrospectively analyzed after approval of the local ethics committee
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(2017/27JU1/334). Each treatment was performed according to the standards of
clinical practice (2).

Characteristics of each arteriography were firstly reviewed by a senior
interventional radiologist with a systematic analysis of the catheter tip position
using the 2D angiography. Only patients with angiograms with similar catheter
positions (difference < 1 cm) and comparable catheter positions (range 1 to 2 cm)
between the preliminary and the therapeutic angiographies were included in this
study. Small tumors (< 2 cm diameter) were excluded from the analysis
(underestimation of the tumor activity due to partial volume effect). No other

exclusion criteria were applied.

Imaging protocols

PMTc-MAA imaging was performed after injection of 150 to 170 MBqg **"Tc-MAA
(Technescan LyoMAA, Mallinckrodt Medical BV, Petten, The Netherlands), using a
BrightView XCT scanner (Philips Healthcare, Cleveland, OH). Abdominal SPECT/CT
images were obtained with a 128x128 matrix with a low-energy, high-resolution
collimator (64 angles per head, 25 sec /angle). Image reconstruction was achieved
using an OSEM algorithm (8 iterations and 16 subsets) with attenuation and
scatter corrections.

Y imaging was performed with a 650 ps TOF-PET/CT (Gemini-TF PET/CT, Philips

Medical Systems, Cleveland, OH) with an abdominal acquisition of 40 minutes (2
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bed positions). Reconstruction was performed with the 3-D line of response
(LOR)-TOF blob-based algorithm (2 iterations, 33 subsets) and with a voxel

reconstruction of 4x4x4 mm?>.

Tumor uptake and grading
For each lesion, the tumor to normal targeted liver uptake ratio (T/NTL) was

defined as:

C
T /VT

T =—T
/NTL CNTL/V
NTL

where Cr and Vi represent the counts and volume of each individual tumor,
respectively. Cyr, and Vyr represent the counts and volume of the normal
targeted liver, respectively. NTL is the non-tumoral liver receiving radioactive
microspheres (example in figure 1). Cr and Cy; Wwere measured with PMTe-MAA
SPECT and Y PET datasets.

T/NTL was arbitrarily classified as low grade uptake for values less than 1.5 and as

high grade for values higher or equal than 1.5.
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MRI (arterial phase) MRI/ 90Y PET 90Y PET

Figure 1: Example of a patient with a large hepatocellular carcinoma shown on
MRI (left panel). T represents the tumor and NTL, the normal targeted liver. The
liver distribution of *°Y-microspheres is assessed by *°Y PET (right panel), fused

with MRI (middle panel).

Absorbed dose

Absorbed doses (Dyo;) have been determined using the MIRD equation(7), i.e.:

Ayo; (GBq)

.5
Myo; (kg) 00/CBq)

Dyo;(Gy) =

where A and M are the activity and the mass within the VOI (volume x 1.03),
respectively.

VOIs were first delineated using the baseline contrast enhanced MRI or CT scan
using MIM 6.7 (MIM Software Inc., Cleveland, OH). Afterwards, MRI/CT scans and
VOIs were fused with ™ Tc-MAA SPECT and *°Y PET using a rigid co-registration in
order to measure the activity in the VOI.

Tumor absorbed dose (TD) and whole normal liver absorbed dose (WNLD) were

calculated with ™ Tc-MAA SPECT and *°Y PET.
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Calculations of activities using different dosimetric methods

In our cohort, we recalculated the activities needed for treatments of our 66
patients using the VOIs as defined above.

First, we calculated activities based on the BSA method (Agsa) following the
standard formula(8):

for a whole liver treatment,

%
A (Gbq) = BSA (m?) — 0.2 + —24mor
Vtotal liver

for a treatment considering a part of the liver (target),

V Vv, .
A (GBq) = ((BSA (m?) — 0.2) + target tumor> . target liver

Vtarget liver Vtotal liver
where A is the activity, V, the volume and BSA, the body surface area defined as:

0.20247 x height®72°> (m) x weight®*?5(kg)

Secondly, activities were calculated from MAA imaging (Auaa) using a two-
compartment dosimetry model (9). The injected radioactivity was calculated to
reach the maximal absorbed dose tolerated by the normal targeted liver (NTLD)
without expecting severe toxicity. The absorbed dose applied to the NTL was 50

Gy. A more aggressive target absorbed dose of 70 Gy was given for treatments
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only in patients with a functional liver reserve above 30% (percentage of non
irradiated liver) and without risks of impaired liver function (underlying liver
disease, previous hepatotoxic treatments). The formula was derived from the

MIRD equation (7):

(CWL/ CNTL) .NTLD[Gy]. Myr,[kg]. (1 + LSF)
50

ApaalGBq] =

with Cyy, and Cyry, the counts defined with *™Tc-MAA SPECT in the whole liver
and in the normal targeted liver (NTL) respectively; with NTLD the Maximal
absorbed Dose tolerated by the NTL (50 or 70 Gy) and with My, the mass of the
NTL. LSF is the lung shunt fraction estimated from planar images of the ™ Tc-MAA
scintigraphy.

Thirdly, we recalculated activities reaching the maximal tolerable whole normal
liver absorbed dose (WNLD) of 40 Gy. The formula was also derived from the

MIRD equation:

(CWL/ CNTL) .WNLD[Gy]. My, [kg]. (1 + LSF)
50

ApaalGBq] =
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Statistics

Analyses were conducted by a senior statistician using SAS V9.4 software (SAS
Institute Inc., Cary, NC, USA). Descriptive statistics were used to summarize the
results considering absolute and relative frequencies, medians and absolute
median deviations. Log base 10 was used for plotting lognormal distributions.
Differences between *°Y and MAA absorbed doses were analyzed using a Bland-
Altman plot. Variances of the differences between the tumor doses and between
the whole normal liver absorbed doses were compared with a Brown and
Forsythe’s test. The correlation between parameters was also evaluated by a
Pearson coefficient.

Wilcoxon rank sum test for paired data was used to analyze the differences in
T/NTL and absorbed doses between *°Y and MAA and to analyze the difference in
planned activities between the classic BSA method and the two-compartment
dosimetry method.

A linear mixed-effect model was used to account for correlation of tumors within
patients.

The performance of MAA imaging to predict T/NTL, was assessed using the *°Y
imaging as gold standard. Sensitivity, specificity, accuracy, negative and positive
predictive values were calculated as usual.

A P-value with a confidence level of 95% was defined as statistically significant.
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6.3 Results

66 patients corresponding to 66 procedures of planning (with MAA imaging) and
treatment (with *°Y imaging) are reported in this study. Angiograms were
classified similar (delta <lcm) and comparable (delta: 1-2cm) in 48 and 18
procedures, respectively.

Main characteristics of patients and procedures are reported in table 1. In
summary, patients were treated mostly for hepatocellular carcinoma (HCC, 33%),
colorectal metastases (32%) and for neuroendocrine tumors metastases (24%).
171 lesions were analyzed corresponding to an average of 3 lesions per patient.
Lobar radioembolization was performed in 53%, whole liver treatment in 44%
(mostly by bilobar injection) and selective in only 3%. At the time of treatment,
the activity that was actually injected was defined using the BSA method in 54

procedures (82%) and the partition dosimetric method in 12 (18%).
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Table 1: Patient characteristics

Characteristics
Gender Female 22 (33%)
(n, %) Male 44 (67%)
Age
(median- range; years) 67 (34-83)
HCC 22 (33%)
Colorectal mets 21 (32%)
Tumor type Neuroendocrine mets 16 (24%)
by patient
(n, %) Cholangiocarcinoma 3(5%)
Melanoma mets 3 (5%)
Oesophagus mets 1(1%)
Liver target Whole liver 29 (44%)
for planni
orplanning lobar 35 (53%)
or treatment
(n; %) Selective 2 (3%)
Number of lesions 171
Number of I(.35|ons per patient 3 (1-11)
(median; range)
Tumor volume (median; ml) 23.5(4.2-1312)

mets: metastases; HCC: hepatocellular carcinoma

The estimates of the whole normal liver dose using MAA imaging (Figures 2 and 3
and table 2) were highly accurate. The correlation between MAA and *°Y whole
normal liver doses was very strong (R=0.97, P < 0.001) with a median absolute

deviation of only 1.9 Gy. The maximum relative deviation from the linear fit was
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29.6%. This variation was less than 5% for 39 patients (59%), less than 15% for 56

patients (85%) and less than 25% for 63 patients (95%).
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Table 2: Variability of the differences between *°Y and **"Tc-MAA absorbed doses

in tumors and whole normal liver according to the catheter position.

Whole
Factor P
Tumor normal .
value
liver
n 171 66
similar and Mean (Gy) 10.9 -0.6
comparable Standard deviation (Gy) 89.34 2.69
catheter Median (Gy) 3.7 -0.5 0.153
Difference .
positions Median absolute deviation <0.00
between 49.4 1.9 .
% (Gy) 1
Y and
n 127 48
99m
Tc-
Mean (Gy) 9.6 -0.6
MAA Similar
Standard deviation (Gy) 82.72 2.53
absorbed catheter
Median (Gy) 4.7 -0.7 0.081
doses positions
% Median absolute deviation <0.00
(Y- 47.8 1.8 .
G 1
9om (Gy)
n 44 18
MAA
Mean (Gy) 14.6 -0.3
doses) Comparable
Standard deviation (Gy) 107.18 3.13
catheter
Median (Gy) -1.1 0 0.883
positions
Median absolute deviation <
55.1 2.2
(Gy) 0.058

®: Wilcoxon signed rank test for comparing medians and Brown and Forsythe's test for homogeneity
of variance. : Indicates a significant P value at the 5% threshold

Bland-Altman plot (Figure 3) demonstrated also that in 95% of cases, whole

normal liver doses calculated with *°Y imaging were 21.2% below and 20.6%
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above whole normal liver doses calculated with MAA imaging (0.788-1.206; 95%
limits of agreement). For example, for a WNLD of 50 Gy calculated with MAA
imaging, the real WNLD evaluated with *°Y imaging could be between 39 Gy and

60 Gy with 95% confidence.
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Figure 2: Relation between *"Tc-MAA and *°Y absorbed doses (Log 10),

determined in tumors (n=171; left panel) and in whole normal livers (n=66; right

panel).
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Figure 3: Bland-Altman plots of log 10-transformed tumor absorbed doses (left

panel) and log 10-transformed whole normal liver absorbed doses (right panel).

For tumor absorbed doses, the correlation was less precise (R=0.65, P <0.001)

with quite significant differences between *°Y and MAA doses (median absolute

deviation 49.4 Gy; Figures 2 and 3 & table 2). Bland-Altman analyses (Figure 3)

demonstrated that in 95% of cases, tumor absorbed doses calculated with *°Y

imaging were 0.75 below and up to 4.5 times above tumor absorbed doses

evaluated with MAA imaging (0.254-4.485; 95% limits of agreement). For

example, for a TD of 100 Gy calculated with MAA imaging, the real (*°Y) TD could

be between 25 and 450 Gy with 95% confidence. The linear mixed-effects

regression model showed an intraclass correlation coefficient of 0.37 meaning

that measurements within patients were no more similar than measurements

from different patients.
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No significant differences were found for procedures realized in similar or
comparable catheter positions (median absolute deviation: 47.8 Gy vs 55.1 Gy;
table 2). The differences between *°Y and MAA tumor absorbed doses were

substantial for each tumor type (table 3).

The T/NTL grade was well predicted with MAA imaging using Py imaging as gold
standard (table 4). The low or high grades were predicted with a sensitivity of
77.6%, a specificity of 70.9%, a positive predictive value of 84.9% and a negative
predictive value of 60%. In other words, MAA imaging was able to predict a high
T/NTL uptake in 85%.

Moreover, T/NTL calculated with *°Y imaging was statistically higher to T/NTL

calculated from MAA imaging (table 5).
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Table 3: Variability of the differences between *°Y and *™Tc-MAA absorbed doses

in tumors and whole normal liver according to the type of tumor

Whole

deviation (Gy)

P
Type Tumor nqrmal value®
liver
N 36 22
Mean (Gy) -3.6 0.6
Hepat9ce|lu|ar Standard deviation (Gy) 98.4 2.98
carcinoma
Median (Gy) 4.4 0.0 0.706
Median absolute 0.001
i 2.4
deviation (Gy) 63 *
Difference N 1 21
between
9y and Mean (Gy) 3.6 -1.1
99m
Te-MAA Colorectal Standard deviation (Gy) 75.76 2.69
absorbed metastases
doses ;

(9°Y 99T Median (Gy) 2.2 -0.8 0.392
MAA doses) Medl.an.absolute 335 1.9 0.080
deviation (Gy)

N 48 16
Mean (Gy) 37.3 -1.6
Neuroendocrine Standard deviation (Gy) 107.06 2.12
metastases
Median (Gy) 23.1 -0.8 0.093
Median absolute 66.4 16 0019

S: Wilcoxon signed rank test for comparing medians and Brown and Forsythe's
test for homogeneity of variance *: Indicates a significant P value at the 5% threshold.
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Table 4: Tumor to normal targeted liver (T/NTL) grades defined with **"Tc-MAA

SPECT/CT and °°Y PET/CT. Tumor grades were defined as low and high using a

threshold of 1.5.

High grade gy Low grade ooy
T/NTL (21.5) (<1.5)
High grade yaa (2 1.5) 90 16
Low grade MAA (<15) 26 39

Table 5: Differences between *°Y and

(T/NTL).

99m

Tc-MAA tumor to normal targeted liver uptake

Factor T/NTL MAA T/NTL *% P value®
n 171 171
Mean 2.59 3.09
Standard deviation 2.840 4.320 .
0.015
Median 1.80 1.84
Minimum 0.09 0.02
Maximum 20.94 41.69

S: P-value from Wilcoxon rank sum test for paired data
*: Indicates a significant p-value at the 5% threshold
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The comparison between the BSA method and the two-compartment dosimetry
method demonstrated significant differences in planned activities. Activities
determined with the two-compartment dosimetry method were significantly
higher than activities calculated with the BSA method using the different
thresholds of whole or targeted normal liver absorbed doses (table 6 and Figure
4). Using a threshold of 50 or 70 Gy in the normal targeted liver, the injected
activity would have been increased by more than 30% in 22 procedures (33%) and
decreased by more than 30% in 2 procedures (3%), by comparison with the BSA

method.
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Table 6: Differences in activities retrospectively planned with the BSA method and
with the two-compartment dosimetry method reaching different absorbed doses

to the normal liver compartment.

Activity two-
Activity BSA compartment $
method (GBq) dosimetry Pvalue
method (GBq)
n 17 17
Mean 1.00 1.84
Normal targeted liver Ztar)dt?rd 0.390 1.400
absorbed dose = 70 Gy eviation 0.042
Median 1.01 1.26
Minimum 0.48 0.62
Maximum 1.80 5.31
n 49 49
Mean 1.56 1.95
Normal targeted liver Ztar)d?rd 0.430 0.910 .
absorbed dose = 50 Gy eviation 0.047
Median 1.61 1.75
Minimum 0.29 0.35
Maximum 2.63 5.02
n 66 66
Mean 1.41 1.92
Normal targeted liver Standard
absorbed dose = 50 Gy dtar.1 t?r 0.490 1.050
or 70 Gy eviation 0.009
(all patients) Median 1.51 1.69
Minimum 0.29 0.35
Maximum 2.63 5.31
Whole normal liver n 66 66
<0. 1
absorbed dose = 40 Gy 0 QOO
(all patients) Mean 1.41 1.86
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Standard

. 0.490 1.120
deviation
Median 1.51 1.59
Minimum 0.29 0.82
Maximum 2.63 8.18

" Indicates a significant P value at the 5% threshold. *. P value from Wilcoxon signed rank test for
paired data.
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Figure 4: Comparison of the planned activity defined with the BSA method and
the two- compartment dosimetry method reaching the maximum tolerable

absorbed dose to the normal targeted liver.
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Using a simulation in the normal targeted liver compartment (50 or 70 Gy), tumor
absorbed doses were significantly higher with the two-compartment dosimetry
method than tumor absorbed doses estimated with the BSA method (median *°Y
TD: 93 Gy vs 76 Gy, P< 0.001). In HCC patients, a tumor absorbed dose greater or
equal to 100 Gy was achieved in 31 of the 47 tumors (66%) with the two-
compartment dosimetry method and in only 24 tumors (51%) using the BSA

method.

6.4 Discussion

In external beam radiation therapy (EBRT), dose planning is a essential step
before treatment, and includes performing a segmentation of the tumor and
surrounding healthy tissues, and evaluating their dose distribution (4). This
planning aims to deliver an efficient absorbed dose to the tumor while minimizing
the absorbed dose to the adjacent organs, avoiding radiation induced
morbidity(10). Compared to EBRT, dosimetry in “°Y-RE is not fully developed yet
and only MAA SPECT/CT is currently available for dose simulations.

In this study, MAA imaging predicted with accuracy the whole normal liver
absorbed dose, in agreement with recent studies (5, 6, 11). Based on this
knowledge, the activity could be planned accurately and safely, reaching the
maximal tolerated absorbed dose of the normal liver. In this study, the maximal
variation of the WNLDyax compared to the linear fit was 29.6% but for a large

majority of patients, this variation was below 15% (56 patients, 85%).
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Threshold doses for liver toxicity and especially for radioembolization induced
liver disease (REILD) were analyzed in previous studies. With resin microspheres,
the parenchyma exposure should be kept below 50 Gy for whole liver treatment
and 70 Gy for lobar radioembolization, with low and acceptable risks of toxicity
under these thresholds (12). The tolerable absorbed dose to the healthy liver
could be higher for lobar treatment (e.g. 70 Gy), especially when the liver reserve
was superior to 30%. With glass microspheres, Garin et al. found that a high
healthy liver absorbed dose associated with a liver reserve lower than 30% was a
strong factor for severe liver toxicity (13). Using a computational model, Walrand
et al. demonstrated also a dose-toxicity relationship dependent on the targeted
liver volume. The predicted normal tissue complication probability (NTCP) was
reduced when two thirds of the liver were targeted compared to a whole liver
treatment (14). However, the maximum tolerable whole normal liver dose in
patients treated with resin microspheres is not precisely identified by a
radiobiological model demonstrating the risk of liver decompensation as a
function of the whole liver non tumoral absorbed dose. Sangro et al. observed a
REILD in 9 patients out of 33, who received a whole normal liver absorbed dose of
37 £ 12 Gy (15). In 20 patients treated by a whole liver approach for metastatic
lesions and receiving 40 Gy to the whole non-tumoral liver, Cremonesi et al. did
not observe toxicity(16). Strigari et al. demonstrated also a 50% probability of

liver toxicity (= Grade 2) with a whole normal liver absorbed dose of 52 Gy (95%
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Cl, 44-61 Gy) with a dosimetry based on bremsstrahlung SPECT (17). However, in
this cohort of HCC patients, 15 of the 73 patients (20%) had advanced cirrhosis
(Child B or more) and then a lower tolerability to radiation. Accordingly, recent
international recommendations determined that the mean absorbed dose to the
non-tumoral whole liver = 40 Gy is considered safe (18). Moreover, the liver
tolerance to radiation also differs as a function of the individual patient status.
The liver tolerance is reduced in HCC patients as compared to metastatic liver
patients (19). Most of the HCC patients have an underlying liver disease (cirrhosis
of any causes, chronic HBV, ...) with an impaired hepatic function, hence a lower
tolerance to radiation. The stage of the liver disease is an important parameter
and especially, an abnormal baseline bilirubin = 1.1 mg/dl or a Child-Pugh score B
or C are strongly correlated with the occurrence of toxicity (20, 21). Previous
hepatotoxic chemotherapies can also reduce the liver function reserve and the
tolerance to radiation (22).

In comparison to the classic BSA method, the two-compartment dosimetry
method developed here demonstrated the possibility to significantly increase the
planned activity in many cases, expecting an increase in tumor absorbed dose and
hence in tumor control probability (17). Tumor absorbed doses were significantly
higher with the two-compartment dosimetry method than tumor absorbed doses
estimated with the BSA method (median *°Y TD: 93 Gy vs 76 Gy, P< 0.001). In HCC

patients, a tumor absorbed dose greater or equal to 100 Gy was associated with
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higher tumor control and longer survival in a secondary analysis of the
prospective SARAH study (23). In our data, the absorbed dose threshold of 100 Gy
was achieved in 66% of tumors with the two-compartment dosimetry method and
in only 51% using the BSA method. The activity planned with the BSA method
could result in low tumor absorbed doses. This might explain the negative results
of previous prospective trials (24-26). Moreover, in a few patients of our study,
activity planned with the two-compartment dosimetry was lower by comparison
with the activity delivered by the BSA method. Previous studies have confirmed
the risks of overdosing using the BSA model, especially for patients with small
livers or with limited tumor involvement (15, 27, 28). As suggested by some
previous data (29, 30), our results support to abandon the BSA method for activity
planning with resin microspheres for a more optimized method based on the two-
compartment dosimetry model.

In this study, we defined two models of activity planning based on the MAA non-
tumoral distribution. A first model targeted the maximum non-ablative absorbed
to the normal targeted liver and the second model targeted the maximum
tolerable absorbed dose to the whole non-tumoral liver. This second approach
was recently suggested by Chiesa et al.,, in order to improve the treatment
planning (21). In this study, the absorbed dose averaged over the whole non-
tumoral liver was a strong risk factor for liver decompensation. In this large cohort

of HCC patients treated with glass microspheres, a 15% liver decompensation risk
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(NTCP analysis) was associated with a non-tumoral whole liver absorbed dose of
90 Gy, or 50 Gy for patients with increased bilirubinemia (bilirubin > 1.1 mg/dl).
Previously, Strigari et al. came to similar conclusions with resin microspheres (17).
In EBRT, the absorbed dose averaged over the whole normal liver is also the
strong predictor of radiotherapy induced liver disease (31). Moreover, Dawson et
al. analysed the correlation between the liver tolerance to radiation and the
proportion of the irradiated liver volume (19). Using the Lyman NTCP model, they
demonstrated that the liver tolerance was inversely proportional to the irradiated
liver fraction. In other words, the absorbed dose to the irradiated normal liver
could be increased when the irradiated volume proportion decreases, without
higher risks of liver decompensation. Therefore, the activity planning based on the
WNLD is the most optimized method permitting to deliver the maximal tolerable
activity. With regards to this radiobiological approach, a dose limitation on the
normal targeted liver is unnecessary to avoid a REILD. However, the two-
compartment dosimetry method using a WNLD approach could result in
significant effects in the normal targeted liver especially when the targeted
volume is relatively small as compared to the whole liver volume (high normal
targeted liver absorbed dose). Besides, a lobar normal liver absorbed above 70 Gy
with resin microspheres could be ablative (radiation lobectomy) (18). Local
toxicity can be expected such as cholangitis, biloma and fibrosis (32-34).

Moreover, due to the high number of microspheres per GBqg, a high activity of
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resin microspheres injected in a small volume increases the risk of vascular
saturation, flow stasis and reflux in non-targeted tissues(35). Therefore, this
method is not the preferable approach when a small proportion of the liver
volume is irradiated (i.e. < 40%), to avoid local toxicity (other than liver
decompensation).

With regards to the tumor absorbed doses, significant variations between the
planned dose (MAA imaging) and the real dose (*°Y imaging) were demonstrated
in our study. This variability was sometimes very substantial despite a similar
catheter placement between the preliminary and therapeutic arteriographies.
However, many other angiographic parameters could influence the particles’
delivery by the catheter and generate local differences in the liver
distribution(36). This tumor absorbed dose approximation demonstrates the lack
of accuracy of MAA imaging for dose planning in the tumor compartment. Recent
recommendations purposed a personalised approach reaching an efficacy tumor
absorbed dose cut-off of 100-120 Gy for HCC using **"Tc-MAA SPECT/CT (18).
Indeed, using the partition model, the activity prescription consists in delivering a
target tumor absorbed dose while preserving the liver parenchyma by a safety
absorbed dose to the normal liver compartment. However, previous
radiobiological analyses demonstrated a continuous relationship (sigmoid shape)
between the tumor absorbed dose and the tumor control probability (17, 23). In

our MAA model, we would reach the maximum tolerable activity and then the
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maximum absorbed dose to tumor to expect the maximal probability of tumor
control.

Regarding our analysis of the tumor absorbed dose, MAA imaging was not very
accurate with a risk of underestimation or overestimation (table 2, Figure 2 and
3). Moreover, the grade of tumor to normal liver targeted uptake (T/NTL) could be
misestimated. Nevertheless, a T/NTL at least 1.5-fold higher than the normal
targeted liver was well predicted in 85% (table 5). Therefore, a high tumor
absorbed dose (i.e. a high T/NTL) was well predicted with MAA in most cases
which could explain the good clinical results of previous studies using a tumor
dosimetry performed with MAA imaging and using a threshold tumor absorbed
dose (23, 37). Using the two-compartment dosimetry method reaching the
maximal tolerable absorbed dose to the targeted normal liver (50 Gy or 70 Gy),
the simulated MAA tumor absorbed doses and the *°Y tumor absorbed doses
could be recalculated in our 47 HCC tumors. Then, 28 out of 47 tumors had a MAA
tumor absorbed dose > 100 Gy (60%) and 31 tumors (66%) reached this threshold
dose in reality (*°Y imaging). The MAA threshold absorbed dose of 100 Gy defined
by Hermann et al. was well predicted in 90% in this population of tumors (23).
Nevertheless, in this data, a low tumor absorbed dose (i.e. low T/NTL) could be
underestimated with MAA imaging in a significant number of tumors (table 4).
Therefore, RE should not be withheld in all cases when the efficacy absorbed dose

cut-off is not reached with the partition model.
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Previously, in a large cohort of patients, Ilhan et al. found more discordance
between *™Tc-MAA SPECT and *°Y-bremsstrahlung SPECT tumor uptakes using a
visual scale (38). This difference could be explained by the lower image quality of
Y-bremsstrahlung SPECT compared to *°Y-TOF-PET systems (39). In accordance
with this study, some previous data showed also a trend of MAA imaging to
underestimate the actual absorbed dose(5, 40, 41). However, Gnesin et al.
demonstrated the opposite in a series of HCC patients and Kafrouni et al.
identified only minimal differences especially when the catheter position was
deemed identical between procedures (6, 42).

Our results have to deal with several limitations. Firstly, a threshold of 2 cm
between the catheter tip positions was used for patient inclusion in this study.
However, unnoticeable differences in catheter tip positions (e.g. 5mm) could be
responsible for important variations in particle distributions in segment-to-
segment distribution and explain some differences in tumor absorbed doses (43).
Secondly, this dosimetry was realized with a rigid co-registration of SPECT and PET
images with the baseline enhanced CT scan or MRI. Due to physiological liver
deformations and differences in spatial resolution between imaging techniques,
some misalignments could occur and lead to variations in absorbed dose
calculations(44). Future developments in deformable/ elastic registration and its
implementation in the workflow of commercially available dosimetry softwares

may improve the accuracy of the dose planning(45). Thirdly, the activities based
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on MAA imaging were calculated with a correction for the lung shunt, using planar
scintigraphic images. However, this lung shunt is significantly overestimated with
planar images and can be more accurately predicted using SPECT/CT (46). In most
cases, the lung shunt is low and the effect of the correction is limited.

Fourthly, this study is retrospective: the activity choice through the two-
compartment dosimetry model, reaching the maximum tolerable liver absorbed
dose, needs to be validated in future studies. The lack of data that precisely
determine the correlation between the whole normal liver absorbed dose and the
risk of liver decompensation is a limitation for an application in clinical practice.
Similarly to the previous works of Strigari et al. and Chiesa et al., only a NTCP
analysis in a large cohort of patients would allow to clarify this risk using resin
microspheres (17, 21). Moreover, additional dose-toxicity studies focusing on
local radiation damage are necessary to estimate the maximal absorbed doses
tolerated by the targeted normal liver volume.

Finally, some patients were simulated using a classic end-hole catheter and
treated with an antireflux catheter (ARC). ARC can modify the hemodynamic flux
in the downstream compartment and improve the tumor targeting and tumor
absorbed doses in neuroendocrine and HCC tumors (47). Using this catheter in
some patients can explain why T/TNL and tumor doses were higher in this
subgroup for neuroendocrine tumors (mean differences between 90Y and MAA

tumor absorbed dose: 37.3 Gy).

132



Conclusion

PMTc-MAA SPECT dosimetry offers an excellent prediction of the whole normal

liver absorbed dose. **™Tc-MAA SPECT/CT could be used in practice to plan the
injected activity reaching the maximal tolerable absorbed dose to the whole
normal liver. With this approach, the radioembolization treatment planning would
be better personalized and optimized, expecting more efficiency, while keeping

the risk of toxicity under control.
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7- Liver arteriography using an antireflux catheter: which impact on microsphere

distribution? °

Abstract:

Purpose: To determine whether antireflux catheter (ARC) may result in better
tumor targeting in liver radioembolization using *°Y-resin microspheres.

Materials and Methods: Patients treated with resin microspheres for
hepatocellular carcinoma (HCC) and secondary liver malignancies were
retrospectively analyzed. All patients underwent a *°"Tc-macroaggregated

albumin ("

Tc-MAA) SPECT/CT following the planning arteriography with a
conventional end-hole catheter. For *°Y-microspheres injection, two groups were
defined depending on the type of catheter used: an ARC group (n=38) and a
conventional (conv.) group treated with a conventional end-hole catheter (n=23).
PY-PET/CT was performed after the therapeutic arteriography. The choice of the
catheter was not randomized but left to the choice of the interventional
radiologist. *>™Tc-MAA SPECT and *°Y PET were co-registered with the baseline

imaging to determine a tumor to normal liver ratio (T/NLmaa or sovj) @nd tumor

dose (TDmaa ors0v) for the planning and therapy.

6 Adapted from d’Abadie et al. Diagn Interv Radiol 2021 ; 27 : 768-773
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Results: 38 patients (115 lesions) and 23 patients (75 lesions) were analyzed in the
ARC and conv. groups, respectively. In the ARC group, T/NLgyy and TDgoy Were
significantly higher than T/NLyaaand TDyaa. Median (IQR) T/NLgoy was 2.16 (2.15)
versus 1.74 (1.43) for T/NLyaa (P < 0.001) Median (IQR) TDgo, was 90.96 Gy (98.31
Gy) versus 73.72 Gy (63.82 Gy) for TDyaa (P< 0.001). In this group, the differences
were highly significant for neuroendocrine metastases (NEM) and HCC and less
significant for colorectal metastases (CRM). In the conv. group, no significant
differences were demonstrated.

Conclusion: The use of an ARC significantly improves tumor deposition of

microspheres in liver radioembolization.

7.1 Introduction

Better tumor targeting is a real challenge to improve clinical results of
radioembolization. An increase in the tumor dose leads to an increase in the
tumor control probability and improved patient outcome (1). The technique has
evolved recently, especially in the field of interventional radiology, for instance
with the use of cone beam CT for accurate planning or by using special
microcatheters, such as antireflux catheters (ARC) i.e. Surefire Infusion System®
(Surefire Medical Inc., Westminster, CO, USA). ARC has a funnel shaped expanding
tip (Figure 1) designed to minimize reflux of radioactive microspheres and the risk

of extrahepatic deposition (2, 3). Changes in the downstream hepatic arterial
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blood pressure were reported using this catheter (4). When the ARCis deployed,
the arterial blood pressure decreases in the antegrade distribution and may
reduce the resistance in the tumor vasculature. This hemodynamic effect seems

responsible for an increase in tumor targeting in few previous reports (5, 6).

1:1 randomization

r
1# generation
2™ generation .
/
/
Lo e e e e = = = 4 EEEERRRSRS RSN

Standard microcatheter Surefire anti-reflux microcatheter

Figure 1: Schematic representation of a standard end-hole catheter in the right

hepatic artery and an antireflux catheter in the left hepatic artery (adapted from

van Roekel et al. (7)).

Left:right administration
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Our study aims to compare tumor to normal liver ratio (T/NL)and tumor
absorbed doses (TD) when a conventional end-hole catheter (EHC) and an ARC are
used in the same patient at two different time points. As a second endpoint, we

investigated this effect as a function of the tumor type.

7.2 Methods

Procedures

Patients treated by radioembolization with resin microspheres were
retrospectively analyzed from 2010 to 2019 after approval by the local ethics
committee (2017/27JU1/334). Informed consent was waived because the entire
study was retrospective. Each procedure was performed according to standards
of clinical practice (8). A planning angiography was performed to identify the
vascular supply of the tumor, to embolize some extrahepatic branches and finally
radioembolization was simulated with **"Tc-MAA injection (TechneScan LyoMAA,
Mallinckrodt Medical BV/Curium, Petten, The Netherlands). Then, PMTc-MAA
SPECT/CT imaging was obtained to confirm the absence of extrahepatic uptake
and allowed to quantify a potential hepatopulmonary shunt. Within 1-3 weeks
following the planning angiography, “°Y-resin microspheres were injected (activity
determined according to the BSA method), and the treatment was followed by a

Y PET-CT to assess the *°Y microspheres deposition.
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Characteristics of each arteriography were reviewed by a senior interventional
radiologist and only procedures (planning and therapy) performed with similar
catheter tip placement are reported in this study. Angiograms with differences in
excess of 2cm in catheter tip positions were excluded from the analysis. ARC was
used for patients with high-risk liver anatomy, particularly for microsphere
injection in the close vicinity of a non-embolizable hepato-enteric arterial branch,
to avoid extra-hepatic deposition. This decision though was left to the senior
interventional radiologist, without randomization. All arteriographies were
performed without the use of cone-beam CT.

The preliminary arteriography, performed was always executed with a
conventional EHC.

Patients simulated with a classic EHC and treated with use of ARC were classified
as the ARC group. The conv. group was defined as patients in whom EHC was used

in both planning and therapeutic arteriographies.

Patients and tumors

Patients and tumor characteristics are summarized in tables 1 and 2. Briefly, 38
patients with 115 lesions were identified in the ARC group and 23 patients with 75
lesions in the conv. group. In the ARC group, the types of tumors were colorectal
metastases (CRM) with 48 lesions (41.7%), neuroendocrine metastases (NEM)

with 30 lesions (26.1%) and HCC with 24 lesions (20.9%), as compared with 22
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lesions (29.3%), 34 lesions (45.3%) and 19 lesions (25.3%) in the conv. group,

respectively.

Table 1: Patient characteristics

per patient

ARC’ .
Characteristics (nzgsrg)up Cor(1r\]/= zg;;)up P value
Female 11 (28.9%) 8 (34.8%)
Gender 0.633
Male 27 (71.1%) 15 (65.2%)
Age (Years) Median (IQR) 65.5(17.7) 68.0(12) 0.421
Cholangiocarcinoma 2 (5.3%) 0 (0.0%)
Colorectal m. 15 (39.5%) 6 (26.1%)
HCC 9 (23.7%) 10 (43.5%)
Tumor type 0.288
Melanoma m. 3(7.9%) 0 (0.0%)
Neuroendocrine m. 8(21.1%) 7 (30.4%)
Esophagus m. 1(2.6%) 0 (0.0%)
Number of lesions Median (IQR) 3.0(2) 2.0 (4) 0.421
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Table 2: Individual lesions characteristics

ARC  grou Conv.
Characteristics group group P value
(n=115)
(n=75)
Volume lesion Median 25.3 10.8 0.010"
(ml) (1QR) (73.6) (20.5) '
Whole liver o
(bilobar) 51(a4.3%) | 26(61:3%)
0,
Target Lobar 58 (50.4%) 28 (37.3%) 0.052
0,
Selective 6(5.2%) 1(1.3%)
48 (41.79
Colorectal m. 8 %) 22 (29.3%)
0,
HCC 24 (20.9%) 19 (25.3%)
T t 0.001"
umortype . 30 (26.1%) | 34 (45.3
Neuroendocrine m. HeC -
CC:
Miscellaneous 13 (11.3%) 0 (0.0%)

QR :interquartile range; " Anti Reflux Catheter; m. metastases
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Imaging protocols

PTc-MAA SPECT/CT was performed within 1 hour after injection of 150 to 170
MBqg using a BrightView XCT scanner (Philips Healthcare, Cleveland, OH).
Abdominal SPECT/CT images were acquired with a 128x128matrix with a low
energy-high resolution collimator (64 angles per head, 25 sec /angle). Image
reconstruction was achieved using an OSEM algorithm (8 iterations and 16
subsets) with attenuation and scatter corrections.

Y post-treatment imaging was performed with a TOF-PET-CT (Gemini TF, Philips
Medical Systems, Cleveland, OH) with an abdominal acquisition of 40 minutes (2
bed positions). Reconstruction was performed with the 3-D line of response
(LOR)-TOF blob-based algorithm (2 iterations, 33 subsets) and with a voxel

reconstruction of 4x4x4 mm?>.

Tumor uptake and tumor absorbed dose

Lesions were firstly delineated using the baseline contrast-enhanced MRI or CT
scan with MIM 6.7 (MIM Software Inc., Cleveland, OH) performed before the
workup. In 3 patients of the ARC group, tumor delineation was based on FDG
PET/CT because no baseline MRI or contrast-enhanced CT scan was available
before treatment. Volumes of interest (normal liver and tumors) were fused with

PTc-MAA SPECT and *°Y PET using a rigid co-registration.
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The tumor to normal liver uptake ratio (T/NL) is a concentration ratio defined as:

Counts
"/ Volumey

- Countsyy,
/VolumeNL

"L

where Countst represents the total counts on the entire tumor volume of each
individual tumor (diameter superior to 1 cm) and Countsy;, the total counts in the

injected normal liver volume. Countsy and Countsy; were measured from T

c_
MAA SPECT or®Y PET datasets.

The absorbed dose to tumors was determined by the simplified MIRD-based

equation (9, 10):

_ Injected Activity (GBq) .50.(1 — LSF) . frumor
- Tumor mass (kg)

TD

where LSF is the lung shunt fraction and fimo, the fractional uptake of the tumor

defined on **™Tc-MAA SPECT and on *°Y PET:

__ total countsgymor
f tumor —

total countsjjyer
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At the end, for each lesion a set of 4 data was available for analysis: for **"Tc-MAA

SPECT, T/NLwaa and TDyaaand for®®Y PET, T/NLggy and TDggy.

Statistics

Analyses were conducted using SAS V9.4 software (SAS Institute Inc., Cary, NC,
USA). The main objective was to compare tumor uptake and tumor dose between
P™Tc-MAA SPECT and *°Y PET. T/NLyax and TDmaa with T/NLgoy and TDggy,
respectively, were compared within each group (ARC and conv. separately) using
a Wilcoxon signed rank test. The homogeneity of the patients and lesions
characteristics were compared between the two groups using a Mann-Whitney U-
test for the continuous variables. For categorical variables, comparisons were
made using a Chi-square test or, when expected counts problem occurred, a
Fisher-Freeman-Halton test. P < 0.05 was accepted as the significance level.
Descriptive statistics were showed using frequencies with percentages, Cl 95% of

the medians and interquartile ranges.

7.3 Results

When pooling all tumors from both groups, where all patients received the T

c_
MAA injection using EHC, the median T/NLyaa Was 2.19 in HCC (Cl 95%: 1.53-2.85),
1.82 in NEM (Cl 95%: 1.57-2.43) and 1.35 for CRM (Cl 95%: 1.16-1.68). T/NLyaa

was significantly lower in CRM compared to NEM (P = 0.010) and HCC (P = 0.002).
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In the ARC group, T/NLggy and TDggy Were significantly higher than T/NLyaa and
TDwmaa (Fig. 1- left panel and tables 3 and 4). Detailed data per individual tumor
type are found in Table 4. The tumor dose was significantly increased by a median
23% between the planning (measured using **Tc-MAA SPECT/CT, EHC used) and
the treatment (measured using the *°Y-PET/CT, ARC used). The increase of TD was
the highest in NEM (increase of 55% between medians; P = 0.009), followed by
HCC (increase of 42% between medians; P = 0.034), and lowest for CRC (increase

of 13% between medians; P = 0.039), as demonstrated in table 4

(example of a NEM patient in Fig. 2). Similarly, T/NL was also increased by a
median of 24% over the entire population of ARC patients (P < 0.001), with an
increment of 36% in HCC (P = 0.010), 58% in NEM (P < 0.001) and only 15% in CRC
patients (P = 0.162).

In the conv. group, no statistically significant difference was observed for neither
the T/NL nor the TD between the planning and the post-treatment study (Fig. 1-
right panel and table 3). In addition, no significant difference in tumor uptake

(T/NL) was observed for any tumor type (data not shown).
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Figure 1: Tumor to normal liver uptake ratio (T/NL) observed with *™Tc-MAA

SPECT/CT (MAA) and *°Y PET/CT (90Y) in the ARC group (left panel) and in the

conv. group (right panel).
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Table 3: Tumor uptake and dose in groups

90,

Groups Characteristics MAA Y P- value
TNL Median 1.74 2.16 <0.001*
(IQR) (1.43) (2.15) )
ARC’
n=115
b G Median 73.72 90.96 <0.001"
ose (Gy) (IQR) | (62.82) | (98.31) '
Median 1.60 1.57
0.892
T/NL (IQR) | (2.08) | (1.38)
Conv.
n=75
Median 72.92 66.88
Dose (Gy) (Qr) | (80.33) | (87.71) | ©°°°

QR:interquartile range. T/NL : tumor to normal liver uptake. "Anti reflux catheter *

Indicates a significant result at a 5% type | error
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Table 4: Tumor type analysis in the ARC group

Characteristics

MAA

90,

Tumor type P-value
TNL Median 2.06 2.80 A
0.010
Hepatocellular (1QR) (2.10) (1.94)
carcinoma
n=24
(20.9%) Median 95.36 135.23 )
Dose (IQR) (110.79) (116.40) 0.034
TNL Median 1.88 2.97 0.001"
<0.
Neuroendocrine (IGR) (1.30) (4.34)
metastases
n=30
(26.1%) Median 80.89 125.16 .
Dose (IQR) (63.52) (127.07) 0.009
Median 1.57 1.80
162
Colorectal TNL T (aR) (1.01) (1.18) 0-16
metastases
n=48
(41.7%)
Median 62.22 70.26 .
0.039
Dose (IQR) (62.93) (72.97)

IQR: interquartile range. T/NL : tumor to normal liver uptake. “Indicates a significant result
at a 5% type | error.
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Figure 2: Example of a patient treated by liver radioembolization for high
hypervascular neuroendocrine metastases demonstrated on CT scan (upper
panel). The planning was performed with a classic end-hole catheter and followed
by MAA SPECT-CT (middle panel). The treatment was performed with a antireflux
catheter and followed by *°Y PET-CT (lower panel). T/NL and tumor dose were
respectively 2.9 and 69 Gy in the tumor located in segment 7 (arrow) with MAA
imaging (planning). T/NL and tumor dose were respectively 8.4 and 172 Gy in this

same tumor with *°Y imaging (treatment).
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7.4 Discussion

This study demonstrates that, using an ARC, an improvement of the T/NL of 36, 58
and 15% is obtained in HCC, NEM and CRM, respectively (median differences,
table 4). In all radiation therapy applications, improving the absorbed dose to
tumors, without increasing the dose to non-target tissues (which is expressed by
the T/NL ratio), is a goal that cannot be overlooked. Better tumor targeting leads
to higher doses to tumors and a higher probability of tumor control (11).
Furthermore, the tumor control probability (TCP) as a function of the dose has a
sigmoid shape (1, 12), resulting in the fact that little increases or decreases of
tumor doses, close to the therapeutic window, may result in a major effect on
clinical response or progression, respectively. Besides these scientific
considerations, international authorities (e.g. Euratom 2013/59 and ICRP 140)
strongly encourage all efforts towards dose optimization (13, 14).

Interestingly, a recent secondary analysis of the SARAH prospective study
demonstrated a significant improvement in disease control and overall survival in
radioembolization of HCC with a tumor dose above 100 Gy (15). Very recently,
another study demonstrated that adding pre-therapeutic dosimetry as a tool for

optimization results in better outcome results (16).
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Why ARC improves tumor targeting is not totally understood. The downstream
blood flow distribution is modified when the catheter tip is deployed. The
occlusion level of this tip is dynamic, occlusive during the diastole. Similarly, if a
retrograde flow appears, the expandable tip stays open and precludes reflux. A
study by Rose et al. demonstrated a significant decrease of the blood pressure in
the downstream arterial compartment (4). To maintain an antegrade flow in the
downstream compartment, the pressure in the downstream vascular bed must be
lower than the pressure near the catheter tip. Resistance in the downstream
compartment may decline more and more in the distality by opening or recruiting
new arteries. Arepally et al. illustrate this effect in an ex vivo study: in a swine
model, the penetration of tantalum microspheres in the renal parenchyma was
deeper with an ARC as compared with standard catheters. The microsphere
distribution was visually more homogeneous and more extended to distal vessels
(3). The distal pressure reduction induced by the deployment of this expandable
tip is similar to what is demonstrated with the use of a microballoon catheter in
transarterial chemoembolization (17). Pasciak et al. proposed another
interpretation: the reduction of the downstream pressure may be induced by
vasoconstriction of normal liver arteries, delivering more microspheres to tumor
arteries (6). Moreover, in contrast with a conventional catheter, ARC allows an
optimized centering of the catheter tip in the vessel lumen and generates a

turbulent-like flow during the microsphere administration (18, 19). These effects
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are responsible for a more homogeneous distribution in the downstream
network. With a computer model of the hepatic artery and tumor vessels,
Kennedy et al. demonstrated an increase in the tumor microsphere deposition
when the flow was more homogeneous (20).

This study confirms some previous data. In a small prospective trial (n=9), Pasciak
et al. performed for each patient two procedures of lobar infusions of **Tc-MAA in
a nonrandomized 2 by 2 crossover design one-day protocol (6). One infusion was
performed with an ARC and the other with an EHC. Tumor deposition increased
between 33.0% to 90.0% with the ARC. In this study, lesions were mostly HCC
(n=6). In a controlled trial conducted with 25 patients treated for CRM with
holmium-166 (**®*Ho) microspheres, the ARC was randomly allocated to the left or
right liver artery and the standard catheter to the contralateral artery (5). The
mean T/NL ratio was increased by 25.0% when lesions were treated using an ARC.
The current study also highlights other findings. In the ARC group, increases in
tumor uptake and tumor dose between the planning arteriography (with an EHC)
and the treatment arteriography (with an ARC) were variable in function of the
tumor type: highly significant for NEM and HCC, modest for CRM. These
differences could be explained by changes in tumor perfusion. Indeed, tumor
targeting in °°Y radioembolization depends on tumor arterial vascularization
because microspheres are deposited preferentially in the terminal arterioles. NEM

are often hypervascular with higher enhancement during a dynamic enhanced-
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contrast CT scan compared to others types of metastases (21). To the contrary,
CRM are often less perfused (22). Tumor arterial perfusion assessed by *"Tc MAA
SPECT/CT confirmed in our study a higher tumor uptake for NEM and HCC as
compared to CRM (table 4). Using computational models, Aramburu et al.
demonstrated an important deceleration of the blood flow in the upstream
compartment with ARC, resulting in a more homogeneous distribution of
microspheres (23). In contrast, the flow velocity generated by an EHC is higher
than twice the normal artery flow velocity (19, 24). Therefore, ARC could achieve
a more physiological distribution of microspheres in the arterial flow, targeting
better hypervascular tumors with high arterial blood supply.

This study has some limitations. First, although being an intra-patient comparison,
our analysis is based on a comparison between two different radiolabeled vectors
(**™Tc-MAA and *°Y microspheres) and the assumption of a good correlation
between their respective behaviors. This consideration is questionable mainly due

99m.

to physical differences between Tc-MAA particles and *°Y-microspheres,

including differences in size and number (25). A good reproducibility between
PMTc-MAA and *°Y-microspheres requires also similar angiographic conditions and
especially similar catheter positions (26). Minor differences in catheter tip
positions could induce important differences in particle distributions (27, 28).

With regards to “°Y-PET-CT, previous studies confirmed a good accuracy of the

technique to assess tumor uptake and absorbed doses after °Y-radioembolization

157



(29, 30). Some previous studies also demonstrated a good correlation between
PMTc-MAA SPECT/CT and *°Y PET dosimetry (31-34). However, the reproducibility
of dosimetry based on ®™Tc-MAA SPECT/CT as compared with the *°Y-PET/CT is
not fully established and individual variations in tumor dose estimation can occur.
To cope with this problem, we introduced a conventional (conv.) group where
PMTc-MAA and *°Y microspheres injections were performed with the same type of
microcatheter. This group confirmed that there were no significant differences

PMTc-MAA and *°Y microspheres in tumor deposition.

between
Secondly, this study is retrospective and the use of the ARC instead of a standard
microcatheter was not randomized but left to the decision of the interventional
radiologist.

In the future, controlled prospective trials are needed to investigate the effect of
ARC in tumor response and survival after *°Y radioembolization. Moreover, the
changes in tumor targeting using ARC are not clearly understood and require
more experiments with fluid particle models, using either ex vivo or mathematical
models.

In conclusion, our results support the use of ARC to improve tumor targeting in
Y- radioembolization using resin microspheres. ARC impacts the risk-benefit
ratio during a procedure of *°Y microspheres infusion, by decreasing the risk of

extrahepatic deposition as previously known, but also by improving the targeting

efficiency. In addition, In addition, as shown by Morshedi et al., ARC may be a
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cost-effective alternative to standard end—hole catheter, reducing the time of the

procedure and the use of coil-embolization (35).
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8- Perspectives

8.1 Personalized dosimetry in SIRT: activity planning optimization with MAA
SPECT/CT

Tumor dosimetry is a predictive tool of SIRT efficiency. Previous data have
demonstrated a correlation between tumor absorbed dose and radiological
response (1-3); indeed, a high tumor absorbed dose is associated with a high
probability of tumor control. In addition, a multitude of clinical data
demonstrating strong correlation between tumor absorbed dose, radiological
response and survival of HCC patients are currently available. Table 1 summarizes
the main studies reporting a tumor absorbed dose threshold associated with SIRT
efficiency in HCC. Studies comparing glass to resin microspheres have indicated
that the tumor absorbed dose cut-off is usually two-fold, which is explained by
their different physical and radioactive properties (4, 5).

To improve the clinical results of RE, the activity prescription can be more
personalized and optimized to reach higher tumor absorbed doses. As previously
described, the recommended activity prescription is calculated using semi-
empirical methods. While these methods are safe, they can induce suboptimal
absorbed doses to tumors(15). A recent prospective study confirmed the clinical
benefits of performing multi-compartmental dosimetry (known as ‘the partition
model’) (16). In the partition model, activity planning is based upon the MAA

distribution in the different compartments (Figure 1), simulating an absorbed
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dose under the threshold of toxicity for the healthy liver and above the efficacy

threshold for the tumor(s).

Table 1: Main studies reporting threshold absorbed doses correlated with clinical

outcome in HCC.

D . .
Nb of Nb of Dosimet | Criteria for threshold Pllz/sleadblzr\:e O'\g?:;s:e
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Nb: number; SIRT: selective internal radiation therapy; EASL: European association for the study of the liver; NA: Not available;
TD : Tumor absorbed dose ; Se : sensibility ; Sp : specificity, * statistically significant ; * reported for complete tumor targeting (25

patients)

Healthy liver “ { Tumor
compartment | . compartment

Activity planned

/

Lung
compartment

165



Figure 1: Multi-compartment dosimetry (partition model) using MAA SPECT/CT
for activity planning. The absorbed doses in these different compartments can be

simulated before treatment and this enables to optimize the activity planned.

The dose to the healthy liver can be accurately predicted with MAA SPECT/CT,
controlling the risk of liver toxicity (17). Indeed, an excess of liver radiation can
induce liver damage (i.e. RE-induced liver disease). The toxicity threshold doses
have been well-demonstrated through non-tumoral whole liver dose (reaching 90
Gy for glass microspheres and 40-50 Gy for resin microspheres) (18, 19). As such,
with MAA SPECT/CT dosimetry simulating an absorbed dose to the healthy liver
under these thresholds, the activity can be planned safely. Moreover, the external
beam radiotherapy models have shown that no liver damage can occur if the
treated liver volume does not exceed 40% (20). When a small part of the liver
volume is targeted by the treatment, the planned activity can be increased for
performing a safe radiation segmentectomy. For treatments applied to most of
the liver (> 60%), the planned activity can be adjusted to reach the maximal
tolerable liver absorbed dose. With this method, the planned activity would be
the highest possible and would therefore increase the activity in the tumor

compartment to maximize the tumor control probability (Figure 2).
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Figure 2: Probability of tumor control and liver toxicity depending on the planned

activity.

A recent prospective trial performed using glass microspheres in patients
with HCC, mostly with advanced stage disease, demonstrated better
outcome achieved with personalized dosimetry and MAA imaging (16).
When an approach reaching a maximum dose of 120 Gy to the targeted
healthy liver and at least 205 Gy to tumors (> 250 Gy, if possible) was used,
the clinical outcome was highly improved, as compared to patients treated
with the standard (120 Gy to the targeted liver) dosimetric approach. The
main results of this trial are summarized in Table 2. The median activity
was increased by 38%, as shown upon comparison of the standard method

to this personalized method of activity planning.
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Table 2: Main results of the DOSISPHERE- 01 randomized trial (16)

Personalized dosimetry Standard dosimetry

Number of patients 28 28
Activity planned (median) 3.6 GBq* 2.6 GBg
o e o

Curative surgery intent after SIRT 36%" 4%
REILD 9% 10%
Overall survival (median) 26.6mo’ 10.7 mo

EASL: European association for the study of the liver; SIRT: selective internal radiation therapy,
REILD: radioembolization induced liver disease; * statistically significant

Similarly, in a retrospective study using personalized dosimetry with a whole
normal liver dose reaching 40 to 70 Gy (glass microspheres), the median survival
was 14.1 mo in HCC patients with portal vein invasion (95% confidence interval
(CI): 10.7-17.5 mo) (21). These results were better than expected from previously
published data in a similar population treated with a standard dosimetric
approach (median: 10.4 mo, 95%Cl: 7.2-16.6) (22).

However, using this optimized method of activity planning, patients with risk

factors for RE-induced liver disease must be carefully evaluated before treatment
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to limit the probability of liver toxicity. For this purpose, > ™Tc—mebrofenin
scintigraphy with SPECT/CT can evaluate and quantify the global and regional liver
functions and predict the risk of post-radiation liver damage. In patients who
undergo major liver resection, the remnant liver uptake of mebrofenin correlated
well with the risk of postoperative liver failure (cut-off value: 2.69%/min/m?) (23).
Although this technique is not widely used, it could also be applied to SIRT for
evaluating liver function in patients with risk factors (e.g., advanced cirrhosis,
large tumor involvement, etc.). Indeed, the mebrofenin liver uptake of the non-
treated liver was also predictive of RE-induced liver disease in some case series

(24-25).

8.2 Personalized dosimetry in SIRT: activity planning optimization with a scout

dose

A scout dose consists in simulating the treatment using the radioactive
microspheres but with a small activity to avoid a radiation induced organ damage.

166

Regarding “""Ho-PLLA microspheres, a scout dose (maximal activity of 250 MBq) is
a safe and interesting alternative to ™ Tc-MAA particles (26). In a multi-
compartment dosimetry purpose (Figure 1), this scout dose could be more

predictive than MAA dosimetry. Especially, the Ilung dose (due to

hepatopulmonary shunting) was more precisely evaluated with this scout dose
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(27). ™ Tc MAA particles overestimate the lung shunt because some small
particles (i.e. 10 um) can pass through the liver capillaries and reach the lungs
(28). Conversely, the size of ***Ho-PLLA microspheres is larger on average (chapter
1, Figure 2). Moreover, the intrahepatic liver distribution could also be more
accurately predicted with this scout dose using specific SPECT reconstructions
(29). In a cohort of patients treated for liver metastases, compared to the real
tumor absorbed dose evaluated after therapy, the simulate tumor absorbed dose
was more accurately predicted with the ***Ho scout dose (95% C.I, -90 Gy, +105
Gy) as compared to the MAA dose (95% C.l. — 164 Gy, + 197 Gy). However, the

feasibility of this liver dosimetry in clinical practice remains questionable. **°H

o
radionuclide emits a low abundance of direct gamma photons used for the
detection by SPECT systems (7%, window 81 keV). However, multiple gamma
radiation of high energy (MeV range) are also emitted, interacting with the
patient body and mainly with the lead collimator of the gamma camera (30).
Secondary lead x-rays are formed (photoelectric effect) in the 81 keV photopeak
detection of the gamma camera, limiting significantly the spatial resolution and
the accuracy of a quantitative dosimetry. Moreover, the beta emissions of ***Ho
radionuclide interact with the patient and form a high amount of secondary
bremsstrahlung x-rays (range 0-1.85 MeV) limiting as well as the spatial resolution

and the quantification. Besides, a loss of the spatial resolution is also due to the

use of a medium energy collimator during the SPECT acquisition (31). This poor
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spatial resolution, using standard reconstruction parameters, could also raise
problems for evaluating the extra hepatic deposition during the workup

(illustrated in Figure 3).

/ 166Ho-PLLA SPECT/CT (scout dose) \

AN

/

Figure 3: "®®*Ho SPECT/CT scout dose and **™Tc MAA SPECT/CT in the same patient

(unpublished data). A duodenal uptake (black arrow) was well defined with MAA
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imaging but hardly visible wit Ho SPECT/CT due to the lower spatial resolution.

Specific reconstructions algorithms using Monte Carlo simulation were developed

to improve the resolution of the SPECT images, and hence the accuracy of
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dosimetry estimates (30). However, these reconstruction algorithms involve
important computer processing resources and are highly time consuming, not
adapted for a routine clinical use.

Very recently, the scout dose concept was also applied to (*°Y) resin microspheres
using an activity of 0.55 GBg. Preliminary results demonstrated that the tumor to
normal liver uptake was better predicted using this scout activity as compared to
MAA imaging (32). However, no data are available regarding the safety of this *°Y
scout dose.

8.3 Optimization of tumor targeting

Better tumor targeting is highly valuable because it will improve the tumor
absorbed dose and effectiveness of the treatment. New microcatheters used in
interventional radiology allow for more selective angiography, delivering higher
activities in the vicinity of tumors and sparing the healthy liver. Interventional
radiologists are able to perform this kind of selective approach more and more,
splitting the activity among multiple injections for the different arterial branches
of the tumor (33). For this purpose, a cone beam CT can be performed during the
liver arteriography for precisely identifying the feeding artery (ies) of a tumor (34).
Moreover, the innovative new antireflux catheters can also improve tumor
targeting. In our retrospective analysis of neuroendocrine and HCC tumors

(chapter 5), the antireflux catheters were found to provide significantly better
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tumor targeting than the classic end-hole catheters (35). Some drugs infused
during the treatment can also increase the tumor-to-normal liver ratio (i.e. the
tumor targeting). The co-infusion of angiotensin Il during SIRT was also shown to
significantly increase tumor targeting (tumor-to-normal liver ratio x 3) by
decreasing the healthy liver arterial flow, while the tumor arterial flow increased
(36). However, this effect was short-lived (a few minutes) and rapidly reversed
despite the continuous infusion of angiotensin Il, due to liver arterial vasodilation
triggered by the low arterial flow (i.e. a vascular escape mechanism) (37).

For clinical application of SIRT, the arterial vasoconstriction needs to be longer, to
facilitate injection of all radioactive microspheres before activation of this
opposing effect. Alternative drugs, such as sodium acetate and dopexamine, can
induce a longer vasoconstrictive effect in the liver artery (38). These mesenteric
vasodilators induce an increase in portal blood flow, resulting in a reflex
vasoconstriction of the liver artery (i.e. the hepatic arterial buffer response) (39),
an effect that tumors are not susceptible to due to their anarchic vascularization.
Hence, the arterial flow would be redirected in tumors preferentially, and the
tumor-to-normal liver ratio would be increased. For this purpose, dopexamine
seems to be a good candidate. This analogue of dopamine is responsible for
vasodilation of the mesenteric arteries, inducing a reduction of the liver arterial

flow by a factor four in an animal model (40). Moreover, this drug has a short half-
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life and is well tolerated at low infusion rates (41). Future investigations are

needed to evaluate this effect more thoroughly.

8.4 Patient selection: good candidates for SIRT

The collective research efforts have provided a good understanding of the factors
responsible for treatment ineffectiveness in HCC, helping clinicians to select the
best candidates for SIRT. Currently, using tumor dosimetry, MAA imaging can
generally select patients who will respond well to SIRT (high tumor uptake and
high absorbed dose), or those who will not respond (low tumor uptake, low
absorbed dose) (42). The interest of this dosimetry applied to MAA SPECT/CT was
confirmed in the recent DOSISPHERE randomized controlled trial (16) and was
also well illustrated in a retrospective study of 41 patients treated for advanced
HCC with portal vein thrombosis. The overall survival was only 4.3 mo when the
tumor absorbed dose was less than 205 Gy and 18.2 mo when at least 205 Gy
(glass microspheres) (43). Moreover, patients with portal vein thrombosis and
poor targeting via MAA imaging had a very poor prognosis.

HCC is a heterogeneous group of tumors with different behaviors; some can be
very aggressive, with a tumor doubling time ranging from 3 mo to 1 year (44).
['®F]-FDG PET/CT has low sensibility, with a significant uptake in less than 50%-

65% of the cases (45). However, data have indicated that HCC tumors with high
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FDG uptake are more aggressive, with patients at higher risk of recurrence and

shorter survival (46). SIRT is less effective in this population, with a significant

reduction of the local control, progression-free survival (PFS) and overall survival

(OS) (47, 48). In our study of 22 patients assessed with dual isotope PET/CT

(chapter 6), FDG-avid tumors responded as well as others to radiation (chapter 6,

graph 1). However, a trend (not statistically significant) to worse PFS and OS was

also shown in our patients with FDG-avid tumors (Figure 4).

-

|

|

h

804
|
£ |
Zeod
S |
[
3 -
g : -=- FDG
S 404 | p=03 — acetate
g =1
=4 |
@ 1
| . =
204
T T T T 1
10 20 30 40 50
Months elapsed
Median OS for patients with tumor(s) FDG positive: 8.8 mo

Median OS for patients with tumor(s) acetate positive: 36.2 mo

100+

80+

£--

-~ FDG

— acetate

40+

20+

Progression free survival probability (%)

.:) 10 1‘5 20 25
Months elapsed

Median PFS for patients with tumor(s) FDG positive: 2.9 mo
Median PFS for patients with tumor(s) acetate positive:5.5 mo

Figure 4: Median overall survival (0OS) and progression free survival (PFS) in 22

HCC patients treated by SIRT and assessed at baseline with *F-FDG and 'C-

acetate PET/CT (data of chapter 6).
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In advanced HCC, randomized trials have failed to demonstrate a superior PFS and
OS in patients treated by RE compared to sorafenib, despite a significant increase
of the tumor response rate in the RE arm (Table 1). Loco-regional therapies such
as SIRT may be less effective in patients with aggressive HCC tumors, and [*°F]-
FDG PET/CT could be useful to identify these patients.

Decompensated liver function is also a strong predictor of poor survival. The
baseline bilirubin level, the Child-Pugh score and the albumin-bilirubin grade were
independent predictors of poor survival in patients treated with SIRT (21, 49, 50).
The median overall survival rates reported for advanced HCC patients treated
with sorafenib range from 6.5 mo to 14.7 mo (51-54). By comparison, some
markers of poor prognosis have been identified in large retrospective studies of
advanced HCC patients treated with SIRT (Table 4). Patients with poor
performance status (ECOG 2 or more), extrahepatic metastases, portal vein
thrombosis extending to the main left/right branch, tumor burden > 50% of the
liver volume, and a baseline alteration of the liver function (albumin-bilirubin
score of 3 or bilirubin level of 2-3 mg/dL) have reported median survival rates that

fall between 4.3 and 8.2 mo (Table 3).
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Table 3: Studies reporting factors of poor prognosis in advanced HCC treated by

SIRT.
Stud Number of | Parameter related to Median survival
y patients worse prognosis (95% Cl interval)
ECOG 2 4.3 mo (2.5-7.8)
Ali et al. Extrahepatic
(55) 547 metastases 7.4 mo (6.0-9.0)
PVT 7.3 mo (6.3-8.0)
Bilirubin > 1.2 mg/d| 9.5 mo (8.8-10.2)
Spreafico
et al. 120 . PVT extenfjed to 8.2 mo (5.7-10.8)
(21) right/left main branch
o)
Tumf)r burden >50% 6.4 Mo (5.2-7.6)
liver volume
ECOG 2 2.5 mo (2- 4.6)
Abouchaleh
et al. 185 Bilirubin 2-3 mg /dI 5mo (2.2-9.7)
(56) PVT extended t
extended to
. .3-10.4
right/left main branch 7.7mo (5.3-10.4)
Antkowiak Bilirubin 2-3 mg/dl 8 mo (6.7-21)
et al. 541
(49) ALBI grade 3 6.7 mo (5.7-8.8)
Zuetal. 91 CHILD B7 6 mo (4.4-7.6)
(57) U

PVT: Portal vein thrombosis

Similarly, in patients with colorectal metastases, the clinical factors strongly

correlated with worse prognostic after SIRT were evaluated in a large cohort of
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patients and included a poor performance status (ECOG 2-3), a large liver
involvement (>50%), extra hepatic metastases, prior multiple lines of
chemotherapy (2" line or more) and a baseline alteration of the liver function
(58).

In this population of patients, RE will likely be ineffective and potentially toxic and

alternative systemic therapies should be suggested.

Conclusion

SIRT is an effective therapy and can significantly improve the outcome of patients.
Dosimetry plays a key role in predicting its effectiveness and can be optimized
using a personalized method of activity planning (i.e. multi-compartmental
dosimetry). Selection of patients based on performance status, liver function,
tumor characteristics and tumor targeting as assessed by MAA imaging can also
improve the clinical benefit of SIRT. Moreover, if the post-therapy 90Y PET/CT
shows poor dosimetric results, the information should be available in real time to
the clinician. This would allow to adapt the treatment, for instance to shift to a

systemic therapy, before the classical radiological assessment.
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9. Summary and practical applications

In this thesis, we demonstrated the strong correlation between tumor dose and
SIRT efficacy. Two dosimetric factors are correlated with clinical efficacy: the
mean absorbed dose and the homogeneous distribution of the microspheres in
the tumor, as demonstrated by DVH.

First, our data confirmed that the level of absorbed dose was strongly correlated
with radiological response, with tumor control and with the patient survival (1, 2).
Besides, the correlation between the tumor dose and the response was
exponentially asymptotic, meaning that the clinical response can be highly
variable within limited differences of doses (complete response to progression).
For higher doses, the response tends towards a plateau with a tumor control
probability near 100% at the highest tumor absorbed doses (3-5).

Second, the distribution of the microspheres is an essential parameter to predict
the clinical efficacy of SIRT. Voxel dosimetry assessed by *°Y PET-CT provided a
good analysis of the microsphere distribution at a subcentimetric level. The
analysis of DVH allowed defining the intratumoral distribution of the absorbed
dose at a voxel level. With a minimal absorbed dose of 40 Gy in 66% of the tumor
voxels (Dgs), we demonstrated an accurate prediction of the radiological response
and of the outcome of HCC patients (1). The homogeneous distribution of the

microspheres can be assessed more precisely using an other dosimetric
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parameter named equivalent uniform dose (EUD). EUD takes into account the
distribution of the dose in each voxel, converting the dose into an uniform
distribution in the tumor (6). The probability of survival after SIRT was strongly
correlated with EUD, using a cutoff of 40 Gy in HCC (7).

This thesis highlighted also the dosimetric differences between resin
microspheres (Sir-Sphere®) and glass microspheres (TheraSphere®). The two main
differences between these devices are the activity per microsphere (2500 Bq for
glass versus only 50 Bg for resin) and the number of microspheres injected in the
liver (a few millions for glass versus dozens of millions for resin) (8).Using the
mean absorbed dose, the efficacy per gray is twofold for glass compared to resin
microspheres (1). However, our data demonstrated a similar efficacy cutoff using
the voxel based dose (i.e. Dgg=40 Gy and EUD= 40 Gy) (1, 7).

Taking into account the heterogeneous distribution of the tumor dose, EUD
reunified the efficacy per gray between resin and glass microspheres. Based on
our data of 45 patients, EUD can also be estimated multiplying D by an efficacy
factor. This efficacy factor was estimated 0.73 for resin microsphere (EUD= 0.73D)
and 0.36 for glass microspheres (EUD= 0.36D). More this efficacy factor tends
towards 1 and more the tumor dose distribution is homogeneous. In our data, the
efficacy factor for glass microspheres was very low, half less than resin

microspheres, meaning that the microsphere distribution was very

186



heterogeneous. Nevertheless, TheraSphere® stays a very effective treatment as
well as Sir-Sphere® (2).

Both treatments can irradiate tumor cells with an efficient homogeneous dose of
40 Gy at minimum, considered also as an efficient dose in EBRT (9). Interestingly,
we demonstrated the same efficacy per gray comparing SIRT to EBRT using a voxel
dosimetry (5). Besides, a parallel with EBRT can be performed using the linear
guadratic model. The survival fraction (SF) to a homogeneous irradiation can be
estimated using the HCC cell radiosensitivity (with o= 0.4)(10). With a dose above
40 Gy the survival fraction is almost to 0, i.e. about 107 (Figure 1). Due to the
huge number of cells present in tumor (= 10°), this corresponds to a TCP of 50%
explaining why the 40 Gy cutoff clearly separated responding and not responding
patient. However the therapeutic intent cannot be limited to this cutoff, indeed
EUD of about 100 Gy is needed to ensure 90% probability to control the tumor.
Then, the more important when we analyze DVH is the portion of the tumor

volume receiving less than 40Gy, at risk of regrowth.

187



A B
1.00: 1001
0.95: E

0.90 "
10
0.85 I
0.80 ]
0.75 1078
__ 070 SF (D)= e(-0.4xD) T 3 SF (D)= e(—0.4 x D)
& 0.65 @ 10°¢
5 0.60 5 7
= =
‘g 0.55: § 10*‘!
£ 0.50 L
Soas 8 109§
[ © -
£ 0.40 [
5 0.35 e ]
10
® 030 @ ﬁ
0.25 7:
0.20 1078
0.15 ]
0.10 10
0.05 E

0.00+¢ T T T T 1 10 T T T T T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50 60 70 80 920 100
D (Gy) D (Gy)

Figure 1 Linear quadratic model demonstrating the survival cell fraction following

a dose of radiation (D) using a linear scale (A) and a logarithmic scale (B).
SF (40 Gy) ~ 1077 meaning that 40 Gy kills 99.99999% of the tumor cells.

Figure 2 illustrates the distribution of the dose in a tumor treated by TheraSphere®
where D was calculated to 186 Gy and EUD to 66 Gy. The analysis of the
distribution of the voxel dose (Figure 2) demonstrated that some areas of the
tumor were covered by a very high absorbed dose (up to 1000 Gy), increasing
mechanically the mean absorbed dose. In this tumor, a largest part was covered
by an efficient dose (84% of the tumor volume received at least 40 Gy). In
comparison, Figure 3 demonstrated an example of DVH of a tumor treated with

Sir—Sphere®’having a similar EUD (62 Gy). Compared to figure 2, a similar portion
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of the tumor was covered by an efficient dose (77% of the tumor volume received

at least 40 Gy) but the voxel dose reached only 288 Gy in maximum.

Tumor fraction

0.

b - T T T T T T T T T 1
0 40 100 200 300 400 500 600 700 800 900 1000
Gy

Figure 2: Dose volume histogram for a tumor treated by glass microspheres (D=
186 Gy, EUD= 66 Gy). The area under the curve corresponds to the distribution of
the dose in the entire tumor volume. Only a very small part of the tumor volume
received a suboptimal dose inferior to 40 Gy (area under the curve colored in
grey). Note also that a portion of the tumor received a very high dose (for
example, 10% received at least 400 Gy), explaining why the mean absorbed dose

is high (i.e. 186 Gy).
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Figure 3: Dose volume histogram for a tumor treated by resin microspheres (D=
121 Gy, EUD= 62 Gy). Only a small part of the tumor volume received a
suboptimal dose under 40 Gy (area under the curve colored in grey). Note that
the range of voxel doses was limited to a maximum of 286 Gy.

Analyzing the TCP curve previously defined (chapter 5), the cutoff doses for SIRT
efficacy can be approximated (Table 1), using TCP 50 (dose for 50% of tumor
control) and TCP 100 (dose for 100% of tumor control) (5). Then, the cutoff doses
for predicting efficacy (using *°Y PET) must be at minimum 68 Gy for resin
microspheres and 137 Gy for glass microspheres (TCP 50). To maximize the
probability of tumor control, the tumor absorbed dose must reach 137 Gy for

resin and 278 Gy for glass microspheres.

190



Using glass microspheres, the main limiting factor is the small number of
radioactive microspheres injected during the treatment. For small tumors, the
heterogeneous distribution of the microspheres is compensated by the very high
activity per sphere (2500 Bq) and by the range of the energy deposition of the
beta radiation (11 mm in maximum). For large tumors, some cold areas can
appear and limit the efficacy of the treatment.

Using resin microspheres, the main limiting factor is the small activity per sphere
(50 Bq), limiting the levels of dose in the tumor. Tumors with a low tumor to

normal liver uptake can receive an absorbed dose bellow the efficacy cutoffs.

Table 1: Cutoffs for predicting tumor control in HCC using post therapy *°Y PET/CT

TCP EUD Dresin* Dglass*
50% 40 Gy 55 Gy 110 Gy
90% 100 Gy 137 Gy 278 Gy

* Using an average efficacy factor of 0.73 for resin and 0.36 for glass microspheres.

In addition, this thesis demonstrated how the treatment planning could be
optimized. The treatment is simulated using MAA as surrogate to radioactive
microspheres. Using the partition model, MAA SPECT/CT can be used for
calculating the activity needed for the treatment, simulating tumor and healthy

liver absorbed doses. However, a dosimetry based on MAA imaging is

guestionable because microspheres and MAA particles have different
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physicochemical characteristics and because some modifications of the
hemodynamic can occur between the arteriographies of simulation and
treatment. Our data demonstrated that the tumor dose is not accurately
predicted with MAA dosimetry (11). Indeed, the median absolute deviation
(difference between estimated MAA dose and *°Y dose) was 49 Gy with a similar
under or overestimation of the tumor dose. Nevertheless, MAA dosimetry stays
predictive using a cutoff of high tumor absorbed dose. In our data of 47 HCC
tumors, a cutoff of minimum 100 Gy was achieved in 28 tumors with MAA
imaging and in 31 tumors in realty (9OY PET dosimetry), resulting in small
differences (6%). Similarly, a high tumor uptake (T/NTL > 1.5), was accurately
predicted in 85% of the treatments. Besides, these results can explain the
correlation between the patient survival and the thresholds of tumor absorbed
doses previously defined with MAA dosimetry(12, 13).

Our data demonstrated also a very accurate estimate of the healthy liver dose
with MAA imaging with a median absolute deviation of only 2 Gy. Thus, the
activity planning can be more accurate, performing a simulation on the healthy
liver compartment, simulating a dose below the toxicity thresholds. Comparing
this model to the classic BSA model, the activity planning can be significantly
increased, controlling also the risk of toxicity (11).

In the practice, tumors with a higher MAA uptake than the healthy liver are

suitable candidates for SIRT. Selective treatments can be planned reaching the
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highest activity as possible to perform a radiation segmentectomy. Lobar or whole
liver treatments can be planned using as reference the dose to the healthy liver
considering the toxic thresholds doses (11, 14-16). Table 2 summarized the
limiting dose to the healthy liver to avoid REILD (whole healthy liver dose) and to
avoid a local toxicity such as cholangitis and liver fibrosis (targeted healthy liver

dose). Note that the thresholds dose for local toxicity are hypothetical, not yet

confirmed by clinical data.

Table 2: Toxicity thresholds for lobar or whole liver treatments

Glass microspheres

Resin microspheres

Targeted healthy liver dose

(30-40% of liver reserve)

120 Gy

70 Gy

Whole healthy liver dose

90 Gy

40-50 Gy*

"Must be reduced for patient at risk for REILD
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In patients with risk factors for liver failure (advanced cirrhosis, large tumor

99m

involvement...),” Tc-mebrofenin scintigraphy can estimate the global and

regional liver function and help to predict the risks (17, 18)

Finally, this thesis highlighted how a better tumor targeting can increase the SIRT
efficacy. Using an innovative anti reflux catheter, tumor doses can be significantly
increased in hypervascularized tumors, such as HCC and neuroendocrine tumors,

hence increasing as well the probability of tumor control(19).

SIRT can be significantly optimized in the future using a personalized dosimetry.
Pre-therapy MAA dosimetry can optimize the efficacy and the safety of the
treatment. Post-therapy *°Y PET dosimetry, by analyzing the aborbed dose, DVH
and EUD, can predict the probability of response and the outcome for the patient.
For the clinician, these parameters may be used to anticipate poor responders

and propose an alternative therapy in due course.
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