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ABSTRACT

Aim: The manufacturers’ recommended methods to calculate delivered activities in liver radioembolization are
simplistic and only slightly personalized. Activity planning could 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 normal liver MAA distribution.

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). On the contrary, significant variations were found for TD (R = 0.65, p
< 0.001). The MAA T/NTL ratio has a 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 to 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.

Introduction

deposition and in some centers for dosimetry planning [5,6]. After the
RE, absorbed dose in the tumor and in the normal liver tissue can be

Liver radioembolization (RE) is one of the available treatments for
unresectable primary and secondary liver malignancies. The aim of
treatment optimization is to deliver an efficient absorbed dose to tumors
while keeping the absorbed dose to the non-tumoral liver parenchyma
low enough in order to avoid a liver toxicity [1]. International author-
ities (i.e. Euratom 2013/59 and ICRP 140) require optimization of
therapy through dose planning [2,3].

Before treatment, a first arteriography is performed for mapping the
arterial tumor vascularization, for (a) prophylactic coil embolization(s)
of small arterial branches oriented to the digestive tract and finally for
simulating treatment with °*®Tc-macroaggregated albumin (MAA)
particles [4]. Following this, MAA nuclear imaging with SPECT/CT is
performed for lung shunt estimation, for ruling out gastro-intestinal
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assessed accurately with 0y Time-of-Flight (TOF)-PET/CT [7].

The manufacturers’ recommended methods to calculate the activ-
ities to be delivered (specified in the package inserts) 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) whereas some centers also use a compartmental
model. A mono-compartmental model with a target liver absorbed dose
of 80-150 Gy is used for °°Y glass microspheres (Therasphere®, Boston
Scientific, Boston, Massachusetts) and a maximal whole liver absorbed
dose of 60 Gy for 1%Ho poly-L-lactic-acid (PLLA) microspheres (Quir-
emSpheres®, Quirem Medical B.V., Deventer, The Netherlands). These
methods do not provide accurate dosimetry that separately takes into
account the dose deposition in tumors and in the normal liver
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parenchyma for a dose optimization as requested by the article 56 of the
EEC Directive 2013/59 [2].

With resin microspheres and the BSA method, patients with a small
liver might be overdosed and others with a large liver might be under-
dosed [8]. 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 HCC patients (i.e. 120 Gy and 50
Gy) [9]. 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) [10,11].

To overcome these issues, some centers have adopted a more
personalized dosimetric method based on the MAA distribution in the
tumor and the normal liver compartments known as the partition model
[4]. This dosimetric method is considered to be more accurate and en-
ables to plan a safe absorbed dose to the normal liver and an effective
absorbed dose to tumors [12]. However, this model assumes a perfect
correlation between MAA particles and the actual distribution 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 [13-15].

The aim of this study is to provide an optimized dosimetric method
for activity planning in liver radioembolization with resin microspheres.
For this purpose, we 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 2°Y
datasets in procedures realized 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 was calculated to reach the
maximal absorbed dose tolerated by the normal liver without severe
toxicity.

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 (2017/27JU1/334). Each treatment was performed accord-
ing to the standards of clinical practice [4].

Characteristics of each arteriography were firstly reviewed by a se-
nior 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. No other exclu-
sion criteria were applied in this study.

Imaging protocols

99MTc.MAA imaging was performed after injection of 150 to 170
MBq **™Tc-MAA (Technescan LyoMAA, Mallinckrodt Medical BV, 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 an-
gles per head, 25 sec /angle). Image reconstruction was achieved using
an OSEM algorithm (8 iterations and 16 subsets) with attenuation and
scatter corrections.

90y imaging was realized with a 650 ps TOF-PET/CT (Gemini Time-
Of-Flight-PET/CT, Philips Medical Systems, Cleveland, OH) with an
abdominal acquisition of 40 min (2 bed positions). Reconstruction was
performed with the 3-D line of response (LOR)-TOF blob-based algo-
rithm (2 iterations, 33 subsets) and with a voxel reconstruction of 4x4x4
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Tumor uptake and grading

Small tumors with a volume under 4 ml (i.e. <2 cm diameter) were
excluded from the analysis. For each lesion, the tumor to normal tar-
geted liver uptake ratio (T/NTL) was defined as:

Cr/Vy

T/NTL = ————
/ Cyr./ Vit

where Cr and V7 represent the counts and volume of each individual
tumor, respectively. Cyy;, and Vygg represent the counts and volume of
the normal targeted liver, respectively. NTL is the non-tumoral liver
receiving radioactive microspheres (example in Fig. 1). Cr and Cygp
were measured with *™Tc-MAA SPECT and °°Y PET datasets.

T/NTL was classified as low grade uptake for value less than 1.5 and
as high grade for value higher or equal than 1.5.

Absorbed dose

Absorbed doses (Dyop) have been determined using the MIRD
equation [16], i.e.:

Avor(GBq)
Myo, (kg)

where A and M are the activity and the mass within the VOI,
respectively.

VOIs were first delineated using the baseline contrast enhanced MRI
or CT scan using MIM 6.7 (MIM Software Inc., Cleveland, OH). After-
wards, MRI/CT scans and VOIs were fused with **™Tc-MAA SPECT and
90y PET using a rigid co-registration in order to measure the activity in
the VOL.

Tumor absorbed dose (TD) and whole normal liver absorbed dose
(WNLD) were calculated with **™Tc-MAA SPECT and °°Y PET.

Dyoi(Gy) = .50(J/GBq)

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 [17]:

for a whole liver treatment,

_ 0 . 2 + ‘/lwnur

Viotattiver

A(Gbq) = BSA(m?)
for a treatment considering a part of the liver (target),
)x

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

Vtargl'mxmor Vlargetli\'er

A(GBg) = ((BSA(mZ) -02)+

Vlurge//iver mellwer

0.20247xheight™ (m)xweight**® (kg)

Secondly, activities were calculated from MAA imaging (Ayaa) using
a two-compartment dosimetry model [6]. 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 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 [16]:
[GBq] — (CWL/CNIL)NTLD[Gg’(])-MmL[kg]» (1+LSF)

Apan
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90Y PET

Fig. 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 90Y—microspheres is assessed by 0y PET (right panel), fused with MRI (middle panel).

with Cy; andCyrg, the counts defined with 99mT. 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 Myg;, 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:

(Cwi/Cnr) WNLD|Gy). My, [kg]. (1 + LSF)
50

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 fre-
quencies, medians and absolute median deviations. Log base 10 was
used for plotting lognormal distributions. Differences between *°Y and
MAA absorbed doses were analyzed using 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 For-
sythe’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 predictive values were calculated as usual.

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

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 < 1 cm) and comparable
(delta: 1 — 2 cm) 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 neuroen-
docrine tumors metastases (24%). 171 lesions were analyzed corre-
sponding to an average of 3 lesions per patient. Lobar radioembolization
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Table 1
Patient characteristics.
Characteristics
Gender (n, %) Female 22 (33%)
Male 44 (67%)
Age (median- range; years) 67 (34-83)
Tumor type by patient (n, %) HCC 22 (33%)
Colorectal mets 21 (32%)
Neuroendocrine mets 16 (24%)
Cholangiocarcinoma 3 (5%)
Melanoma mets 3 (5%)
Oesophagus mets 1(1%)
Liver target for planning or treatment Whole liver 29 (44%)
(n; %) lobar 35 (53%)
Selective 2 (83%)
Number of lesions* 171
Number of lesions per patient (median- range) 3 (1-11)
Tumor volume (median; ml) 23.5
(4.2-1312)

mets: metastases; HCC: hepatocellular carcinoma
" only lesions with a diameter >2 cm were included

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%).

The estimates of the whole normal liver dose using MAA imaging
(Figs. 2 and 3; 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 29.6%. This variation was<5%
for 39 patients (59%), <15% for 56 patients (85%) and<25% for 63
patients (95%). Bland-Altman plot (Fig. 3) demonstrated also that in
95% of cases, whole normal liver doses calculated with °°Y imaging
were 21.2% below and 20.6% above whole normal liver doses calcu-
lated 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.

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; Figs. 2 and 3, table 2). Bland-
Altman analyses (Fig. 3) demonstrated that in 95% of cases, tumor
absorbed doses calculated with °°Y imaging were 74.6% 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
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Fig. 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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Fig. 3. Bland-Altman plots of log 10-transformed tumor absorbed doses (left panel) and log 10-transformed whole normal liver absorbed doses (right panel).

model showed a intraclass correlation coefficient of 0.37 meaning that
measurements within patients were no more similar than measurements
from different patients.

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 *°Y
imaging as gold standard (table 4). The low or high grades were pre-
dicted 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).

The comparison between the BSA method and the two-compartment
dosimetry method demonstrated significant differences in planned ac-
tivities. 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 Fig. 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.

Discussion

In external beam radiation therapy (EBRT), dose planning is a very
important step before treatment, and includes performing a segmenta-
tion of the tumor and surrounding healthy tissues, and evaluating their
dose distribution [13]. 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 [18]. Compared
to EBRT, dosimetry in *°Y-RE is not fully developed yet and only MAA
SPECT/CT is currently available for dose simulations.

In our study, MAA imaging predicted with accuracy the whole
normal liver absorbed dose, in agreement with recent studies
[14,15,19]. Based on this knowledge, the activity could be planned
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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.

Table 3

Physica Medica 89 (2021) 250-257

Variability of the differences between °°Y and °°™Tc-MAA absorbed doses in
tumors and whole normal liver according to the type of tumor.

whole p-value®

Factor Tumor Type Tumor  Whole p-
normal normal value®
liver liver

Difference similar and n 171 66 Difference Hepatocellular n 36 22

between comparable Mean (Gy) 10.9 — 0.6 between carcinoma Mean (Gy) — 3.6 0.6
90Y and catheter Standard 89.34 2.69 90Y and Standard 98.4 2.98
99mTec- positions deviation 99mTec- deviation
MAA (Gy) MAA Gy)
absorbed Median 3.7 - 0.5 0.153 absorbed Median 4.4 0.0 0.706
doses (90Y (Gy) doses (90Y (Gy)
— 99mTec- Median 49.4 1.9 < 0.001* — 99mTec- Median 63.1 2.4 0.001*
MAA doses) absolute MAA doses) absolute
deviation deviation
Gy) (Gy)
Similar n 127 48 Colorectal n 71 21
catheter Mean (Gy) 9.6 - 0.6 metastases Mean (Gy) 3.6 - 1.1
positions Standard 82.72 2.53 Standard 75.76 2.69
deviation deviation
(Gy) Gy)
Median 4.7 -0.7 0.081 Median 2.2 -0.8 0.392
(Gy) (Gy)
Median 47.8 1.8 < 0.001* Median 33.5 1.9 0.080
absolute absolute
deviation deviation
(Gy) Gy)
Comparable n 44 18 Neuroendocrine n 48 16
catheter Mean (Gy) 14.6 -0.3 metastases Mean (Gy) 37.3 -1.6
positions Standard 107.18  3.13 Standard 107.06  2.12
deviation deviation
(Gy) (Gy)
Median -1.1 0 0.883 Median 23.1 - 0.8 0.093
(Gy) Gy)
Median 55.1 2.2 < 0.058 Median 66.4 1.6 0.019*
absolute absolute
deviation deviation
(Gy) Gy)

$ . Wilcoxon signed rank test for comparing medians and Brown and For-
sythe’s Test for homogeneity of variance.
" : Indicates a significant p-value at the 5% threshold

accurately and safely, reaching the maximal tolerated absorbed dose of
the normal liver. In our study, the maximal variation of the WNLDyaa
compared to the linear fit was 29.6% but for a large majority of patients,
this variation was below 15% (56 patients, 85%).

Threshold doses for liver toxicity and especially for 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 [20]. 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 inferior to 30% was a strong factor for severe liver toxicity
[21]. Using a computational model, Walrand et al. demonstrated also a
dose-toxicity relationship dependent of the targeted liver volume. The
predicted normal tissue complication probability (NTCP) was reduced
when two-thirds of the liver was targeted compared to a whole liver
treatment [22]. However, the maximum tolerable whole normal liver
dose in patients treated with resin microspheres is not precisely identi-
fied by a radiobiological model demonstrating the risk of liver decom-
pensation in 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 [11]. 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 [23]. Strigari et al demonstrated also a 50% probability of liver
toxicity (>G2) with a whole normal liver absorbed dose of 52 Gy (95%
CI, 44-61 Gy) with a dosimetry based on bremsstrahlung SPECT [1].
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$ . Wilcoxon signed rank test for comparing medians and Brown and For-
sythe’s Test for homogeneity of variance.
" : Indicates a significant p-value at the 5% threshold.

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.

T/NTL High grade ooy (>1.5) Low grade gy (<1.5)
High grade yaa (>1.5) 90 16
Low grade yaa (<1.5) 26 39

Table 5

Differences between °°Y and *°™Tc-MAA tumor to normal targeted liver uptake
(T/NTL).

Factor T/NTL MAA T/NTL 90Y p- value®
n 171 171 0.015*
Mean 2.59 3.09

Standard deviation 2.840 4.320

Median 1.80 1.84

Minimum 0.09 0.02

Maximum 20.94 41.69

$

: p-value from Wilcoxon rank sum test for paired data
" : Indicates a significant p-value at the 5% threshold

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
radiations. Accordingly, recent international recommendations deter-
mined that the mean absorbed dose to the non-tumoral whole liver < 40
Gy is considered safe [24]. Moreover, the liver tolerance to radiations
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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.

Normal liver Activity Activity two- p-value®
oM MAA BSA compartmentdosimetry
absorbed method method (GBq)
dose (GBq)
Normal n 17 17 0.042*
targeted Mean 1.00 1.84
liver Standard 0.390 1.400
absorbed deviation
dose: 70Gy  Median 1.01 1.26
Minimum 0.48 0.62
Maximum 1.80 5.31
Normal n 49 49 0.047*
targeted Mean 1.56 1.95
liver Standard 0.430 0.910
absorbed deviation
dose: 50 Gy ~ Median 1.61 1.75
Minimum 0.29 0.35
Maximum 2.63 5.02
Normal n 66 66 0.009*
targeted Mean 1.41 1.92
liver Standard 0.490 1.050
absorbed deviation
dose: 50 Gy ~ Median 1.51 1.69
or 70 Gy Minimum 0.29 0.35
(all Maximum 2.63 5.31
patients)
Whole n 66 66 <0.0001
normal Mean 1.41 1.86
liver Standard 0.490 1.120
absorbed deviation
dose: 40Gy  Median 1.51 1.59
(all Minimum 0.29 0.82
patients) Maximum 2.63 8.18

“ : Indicates a significant p-value at the 5% threshold. *: P value from Wilcoxon
signed rank test for paired data.

Planned activity (GBq)

BSA method MAA method

Fig. 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.

also differs as a function of the individual patient status. The liver
tolerance is reduced in HCC patients as compared to metastatic liver
patients [25]. Most of the HCC patients have an underlying liver disease
(cirrhosis of any causes, chronic HBV,...) with an impaired hepatic
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function, hence a lower tolerance to radiations. The stage of the liver
disease is an important parameter and especially, an abnormal basal
bilirubin > 1.1 mg/dl or a Child-Pugh score B or C are strongly corre-
lated with the occurrence of toxicity [26,27]. Previous hepatotoxic
chemotherapies could also reduce the liver function reserve and the
tolerance to radiations [28].

In comparison to the classic BSA method, the two-compartment
dosimetry method developed here demonstrated the possibility to
improve significantly the planned activity in many cases, expecting an
increase in tumor absorbed dose and hence in tumor control probability
[1]. In our cohort, using a simulation in the normal targeted liver
compartment, tumor absorbed doses were significantly higher with the
two-compartment dosimetry method than tumor absorbed doses esti-
mated 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 higher tumor control and longer survival in a secondary
analysis of the prospective SARAH study [29]. In our data, the absorbed
dose threshold of 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. The activity planned with BSA method
could result in low tumor absorbed doses. This might explain the neg-
atives results of previous prospective trials [30,31]. 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 [8,10,11]. As suggested by some previous
data [9,32], 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 our 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 [27]. 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 (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. defined also a strong relationship
between the risk of liver toxicity and the whole normal liver absorbed
dose in HCC patients treated with resin microspheres [1]. In EBRT, the
absorbed dose averaged over the whole normal liver is also the strong
predictor of radiotherapy induced liver disease [33]. Moreover, Dawson
et al. analysed the correlation between the liver tolerance to radiations
and the proportion of the irradiated liver volume [25]. Using the Lyman
NTCP model, they demonstrated that the liver tolerance was inversely
proportional to the irradiated liver fraction. In other words, the absor-
bed 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. In regards with 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) [24]. Local toxicity can be expected such
as cholangitis, biloma and fibrosis [34-36]. Moreover, due to the high
number of microspheres per GBq, a high activity of resin microspheres
injected in a small volume increases the risk of vascular saturation, flow
stasis and reflux in non-targeted tissues [37]. Therefore, this method is
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not the preferable approach when a small proportion of the liver volume
is irradiated (i.e. < 40%), to avoid a 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 °% im-
aging) were demonstrated in our study. This variability was sometimes
very substantial despite a similar catheter placement between the pre-
liminary and therapeutic arteriographies. However, many other angio-
graphic parameters could influence the particles’ delivery by the
catheter and generate local differences in the liver distribution [38].
This tumor absorbed dose approximation demonstrates the lack of ac-
curacy 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
SPECT/CT [24]. Indeed, using the partition model, the activity pre-
scription 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 [1,29]. In our
MAA model, we would reach the maximum tolerable activity and then
the maximum absorbed dose to tumor to reach 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, Fig. 2 and Fig. 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 in most cases and could explain the good
clinical results of previous studies using a dosimetry performed with
MAA imaging and using a threshold tumor absorbed dose [29,39]. Using
the two-compartment dosimetry method reaching the maximal tolerable
absorbed dose to the targeted normal liver (50 Gy or 70 Gy), the MAA
tumor absorbed doses and the °°Y tumor absorbed doses could be
recalculated in our 47 HCC tumors. Then, 28 on 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 [29]. Nevertheless, in our 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.

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 [40]. This difference could be
explained by the lower image quality of °°Y-bremsstrahlung SPECT
compared to °°Y-TOF-PET systems [41]. In accordance with our study,
some previous data showed also a trend of MAA imaging to underesti-
mate the actual absorbed dose [14,42,43]. However, Gnesin et al.
demonstrated the opposite in a serie of HCC patients and Kafrouni et al.
identified only minimal differences especially when the catheter posi-
tion was deemed identical between procedures [15,44].

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. 5 mm) could be responsible for important variations in particle
distributions in segment-to-segment distribution and explain some dif-
ferences in tumor absorbed doses [45]. 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 de-
formations and differences in spatial resolution between imaging tech-
niques, some misalignments could occur and lead to variations in
absorbed dose calculations [46]. Future developments in deformable/
elastic registration and its implementation in the workflow of

256

Physica Medica 89 (2021) 250-257

commercially available dosimetric softwares may improve the accuracy
of the dose planning [47]. Thirdly, the activities based on MAA imaging
were calculated with a correction for the lung shunt, using planar
scintigraphic images. However, this lung shunt is significantly over-
estimated with planar images and could be more accurately predicted
using SPECT/CT [48].

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 [1,27].
Moreover, additional dose-toxicity studies focused on local radiation
damage are necessary to estimate the maximal absorbed doses tolerated
by the targeted normal liver volume.

Conclusion

99mTe.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 radi-
oembolization treatment planning would be better personalized and
optimized, expecting more efficiency, while controlling the toxicity.
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