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Introduction

Transarterial radio-embolization (TARE) has become a standard treatment in non-
resectable primary liver tumors and liver-dominant liver metastases (HCC, Yang et al.
2020). A catheter placed in the hepatic artery feeding the tumor infuses **Y-loaded glass
or resin microspheres directly into the arterialized tumor bed with a good safety profile
(Hong et al. 2021; Hilgard et al. 2010). Despite solid data in advanced disease, in early
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treatment settings the data is still limited, and several studies were negative on their pri-
mary endpoint (Hazel et al. 2016). Many different factors leading to negative trial results
have been debated but the lack of personalized dosimetry was seen as the most relevant
factor (Sposito and Mazzaferro 2018).

The recent recommendations mandated personalized dosimetry and established
a relevant leap in the TARE procedure (Gnesin et al. 2016; Garin et al. 2020). Indeed,
DOSISPHERE-01, a randomized multicenter open-label and phase 2 trial, investigated
personalized dosimetry in HCC patients aiming at an absorbed dose (AD) of>205 Gy
on tumor lesions in comparison to the standard partition model aiming at 120420 Gy
per tumor lesion. This trial showed significantly better response rate and survival out-
comes for patients treated with a personalized dosimetry procedure without significant
increased toxicity (Garin et al. 2021). Similarly, the recent TARGET study has shown
that the implementation of a more robust, standardized dosimetric approach delivered
more consistent results (Lam et al. 2022). There is much hope that future trials relying
on standardized dosimetry might lead to optimal therapy planning, lower variation in
dosing schemes and ultimately better trial results (Vilgrain et al. 2014; Chow et al. 2018;
Mazzaferro et al. 2013).

Personalized dosimetry in TARE with **Y-glass microspheres is routinely based on
9mTc-macroaggregated albumin single-photon emission computerized tomography
PmTe-MAA SPECT/CT to predict AD in Gray (Gy) to the index lesion, healthy per-
fused liver tissue and lungs with the accurate definition of the tumor volume and the
lung shunt fraction being essentials (Busse et al. 2023). The prescribed administered
therapeutic activity is fixed to reach a threshold AD to index lesions used as a predic-
tor of tumor response (i.e.,,>205 Gy for HCC patients while limiting the absorbed
dose to the healthy perfused liver tissue to a safe level (Garin et al. 2021; Chiesa et al.
2021). This concept underlines the need of a complete administration of the prescribed
OY-microspheres activity to avoid under-dosing the tumor. Various reasons could lead
to an incomplete activity administration such as a technical error with incomplete void-
ing of the dose vial, flow phenomenon’ of glass microspheres in catheter connections,
adhesion of 90Y—microspheres inside the catheter wall, among others, underlining the
importance of thorough flushing of the injection system (Caine et al. 2017). Thus, in
addition to a precise measurement of the *°Y activity on the day of the TARE proce-
dure with a dose calibrator fulfilling the national standard, an accurate measurement of
the residual radioactive waste (*°Y-Res) is crucial to determine the dose delivered to the
patient (13). Drescher et al. reported a mean residual activity in the application device of
3.4% % 1.7 post-TARE using *°Y-glass microsphere in 18 consecutives TARE procedures
using PET/CT (Drescher et al. 2020). Ebbers et al. confirmed the robustness of using
“Y-PET/CT for the measurement of the residual activity after TARE with an excellent
correlation (p=0.99) to the activity measured with the dose calibrator which remains
the most accurate measurement method (Ebbers et al. 2020). Yet, routine measurement
of the precise activity injected during TARE is not standardized and was not reported
in the latest recommendations of an international working group for *°Y-glass micro-
spheres (Salem et al. 2023). Additionally, its potential impact on the dosimetry, that is
the actual tumor AD, has not been reported. In this study, we chose to focus on *™Tc-
MAA SPECT/CT dosimetry as it has been reported in the literature that it reflected
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OY-microspheres distribution (Lambert et al. 2010; Garin et al. 2016) whereas the lit-
erature for quantitative tumor AD using post-therapy *°Y-bremsstrahlung SPECT/CT is
limited (Kim et al. 2021). Thus, we thought that it would be interesting to retrospectively
input the “*°Y-Res correction” consisting of the activity in TheraSphere™ vial measured
before TARE minus the residual activity of *°Y-glass microspheres (*°Y-Res) measured
on *°Y-PET/CT on the pre-treatment *™Tc-MAA SPECT/CT distribution simulation to
have an estimate of the tumor absorbed dose. We aimed to prospectively evaluate the
amount of residual activity of *’Y-Res after TARE using *°Y-PET/CT for a better under-
standing of potential shortcomings in the administration of the full activity of *°Y-glass
microspheres. We also investigated which clinical and technical parameters could affect
the amount of residual activity not administered to the patient after TARE and looked at
its potential impact on the perfused tumor absorbed dose planned on the pre-treatment
9mTc_MAA SPECT/CT.

Methods

We prospectively measured the *°Y-Res, assessed at the patient administration time,
after each injection for consecutive patients that underwent TARE using *°Y-glass-
microspheres in our institution for non-resectable liver tumors from February 2021
to February 2022. The setup for all TARE procedures was done in agreement with the
manufacturer recommendations (TheraSphere”; BTG International, Farnham, United
Kingdom).

Personalized dosimetry

Personalized dosimetry planning was performed on **™Tc-MAA SPECT/CT using the
Simplicit®™®Y™ software. This software allows for a personalised patient dosimetry based
on a multi-compartment approach to define tumor absorbed dose: the whole liver vol-
ume, the perfused volume, the tumor perfused volume and the healthy liver tissue per-
fused volume. In case of a radiation segmentectomy, a single-compartment approach
was used. Thus, the absorbed dose to the healthy liver tissue within the perfused volume
was not accounted for and we aimed when possible for an absorbed dose of 400 Gy to
the perfused volume. The software allowed for the fusion of the attenuation corrected
9mTc-MAA SPECT imaging with anatomical imaging to insure that the *™Tc-MAA
simulation distribution within the perfused volume correspond to an optimal ratio
between the anatomical tumor and the surrounding healthy liver tissue. In our institu-
tion for more accuracy we used for anatomical imaging the intra-arterial CT done in the
angiography suite at the arterial position for the injection of *™Tc-MAA.

90Y-Res assessment

90Y-Res was measured in the delivery tubing used during TARE, the TheraSphere™" vial
and the microcatheter used for the procedure; all placed in a sealed plastic waste con-
tainer (Fig. 1). We imaged the *°Y-Res after TARE on a digital SiPM Biograph VISION
600 PET/CT (Siemens Healhineers, Knoxville TS, USA): We performed static TOF PET,
20 min long, single bed, list-mode acquisitions covering an axial field of view of 26 cm.
The PET measured *°Y-Res was decay corrected at the time of the patient administra-
tion. In patients who received multiple injections during TARE, *°Y-Res was measured in
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Fig. 1 CT (a) and fused *Y-PET/CT images (b) ofﬂthe DY-res acquired post-TARE consisting of the
administration device including the TheraSphere™ ?°Y glass microspheres vial (green arrow) and the
microcatheter used for the intra-arterial injection during the procedure (orange arrow)

a separate box for each injection. PET/CT acquisition were reconstructed with the ven-
dor iterative reconstruction algorithm (TrueX-HD) and using 2 iterations and 5 subsets
and a post reconstruction Gaussian filter with FWHM =4 mm. The in-plane reconstruc-
tion matrix size was 220 x 220 with a pixel spacing of 3.3 mm and a slice thickness of
1.4 mm: the attenuation correction was based on a low-dose CT scan (65 mAs, 120 keV,
0.8 pitch and 2.0 mm slice thickness). The scatter correction used an absolute scaling.

Patients also underwent post-TARE *°Y-bremsstrahlung SPECT/CT to confirm that
the distribution of **Y-microspheres was similar to the initial *™Tc-MAA SPECT/CT.
Y-bremsstrahlung SPECT/CT acquisition parameters were as follow: Flash 3D (3D
OSEM: between 20 and 120 iterative updates and 2subsets) with 60 frames of 35 s, a
gaussian filter between 0 and 10 mm FWHM, 256 x 256 matrix, 2.4 x 2.4 x 2.4 mm pixel
size, 100—200 keV energy window and CT-based attenuation correction.

We assessed *°Y-Res for each injection site separately as several patients received mul-
tiple injections. For each injection procedure, we also assessed the percentage of the
calibrated TheraSphere™ vial activity (measured before TARE in the activimeter by our
radiopharmacist and decay corrected at the planned patient administration time) pre-
sent in the respective *°Y-Res. We did not account for the potential time delay between
the planned patient administration time and actual patient administration time as it was
not significant in comparison to the longer half-life of the *°Y isotope. We also retro-
spectively inputed the “”°Y-Res correction” consisting of the activity in TheraSphere™
vial measured before TARE minus the residual activity of **Y-glass microspheres (*Y-
Res) measured on *°Y-PET/CT on the pre-treatment *™Tc-MAA SPECT/CT distri-
bution simulation in order to have an estimate of the tumor absorbed dose using the
Simplicit™®Y™ software using the same procedure as previously described.

Statistical analysis

We used t-test for dependent samples to compare the *°Y-glass microspheres admin-
istered activity based on *™Tc-MAA SPECT/CT dosimetry and the activity measured
in the sealed TheraSphere™ vial at the patient therapeutic administration time. Spear-
man correlation was used to assess correlation between *°Y-Res, the activity meas-
ured in the TheraSphere™ vial and the different target liver volumes (in cm?®) defined
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on pre-treatment *"Tc-MAA SPECT/CT: the perfused liver volume, the total perfused
tumor volume and perfused healthy liver tissue obtained by Boolean subtraction of the
perfused tumor volume from the perfused volume. Similar analyses were done with
absorbed dose in Gy.

We used t-test for independent samples to compare *°Y-Res according to the type
of TARE single-compartment versus multicompartment and the microcatheter posi-
tion during TARE delivery: lobar versus non-lobar artery. °Y-Res was compared as a
function of the size of the microcatheter: Progreat 2.7Fr. microcatheter (P-cat, Terumo,
Interventional Systems, Europe) versus ASAHI Masters Parkway Soft 1.98/2.8 F micro-
catheter (AP-cat, Asahi Intecc, Japan). To assess the impact of *°Y-Res on personalized
dosimetry, we subtracted its activity to the activity of the TheraSphere" vial and retro-
spectively applied this new activity value labelled “’Y-Res correction” to the dosimetry
planning performed with the Simplicit®Y™ software on *™Tc-MAA SPECT/CT. This
new dosimetry assessment was expected to improve the estimation of perfused tumor
AD, hence precisely defining patient’s specific dosimetry. We used ¢-test for dependent
samples to compare absorbed dose between the initial and the “corrected dosimetry”
previously defined for each compartment perfused volume and perfused tumor volume.

Ethics

This study was done according to the ethical standards defined by the Helsinki decla-
ration and its later amendments. Our local ethics committee that is the “ Commission
cantonale déthique de la recherche sur 'étre humain” (CER-VD) approved this retro-
spective study with informed consent waiver allowing the inclusion of all patients that
did not explicitly refuse their consent as per the local legislation at the time of the study
(registration number: CER-VD-2018-01513).

Results

9%Y-Res assessment

We measured *°Y-Res in 34 patients (HCC n=22, cholangiocarcinoma n=4, metasta-
ses n=38) for a total of 61 injections sites (Table 1, Fig. 2). The mean value+1SD for
POY-Res was 93.1494.6 MBq [2—437] that is a mean 4.8 +3.5% [0.2—13.7] of the activity
measured in the TheraSphere™ vial prior to the TARE. There was a significant differ-
ence between the intended *°Y-glass microspheres activity planned on the pre-treatment
9mTe-MAA SPECT/CT and the activity measured in the sealed TheraSphere™ vial on
the day of the TARE with significantly higher values in the latter (Table 2; p <0.001).
However, when *°Y-Res was subtracted from the activity measured in the sealed Ther-
aSphere™ vial, there was no longer a significant difference with the intended activity
planned on the pre-treatment *Tc-MAA SPECT/CT (Table 2; p=0.59). There were
significant and positive correlations between absolute value in MBq of *°Y-Res with the
planned activity (p=0.689; p<0.001) and the activity measured on the TheraSphere™
vial (p=0.697; p <0.001, Fig. 3).

90Y-Res and TARE procedure
We analyzed a total of 48 single-compartment treatment planned as radiation seg-
mentectomy in this cohort and 13 multi-compartment treatments. There was no
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Table 1 Patients’ characteristics in terms of histological types and the number of TARE procedures

and injections

Histological type

Number of patients Number

Number of injections

of TARE
procedures
Primary liver tumor Hepatocellular carci- 22 25 36
noma
Cholangiocarcinoma 4 5 1
Secondary liver Breast 1 1 1
tumors Colorectal cancer 1 1 2
Leiomyosarcoma 1 1 1
Malignant adrenocor- 1 2 2
tical cancer
Neuroendocrine 3 5 8
tumors
Ocular melanoma 1 1 1
Total 34 patients 41 procedures 61 injections

Fig. 2 Voluminous HCC tumor with extensive necrosis and viable peripheral tumor in an 81-year-old
patient treated with TARE: perfused volume of 81 cm? estimated on pre-treatment ™ Tc-MAA SPECT/CT
and a subsequent “°Y-Res of 11.6% on *°Y-PET/CT acquisition post-TARE; a coronal image of intra-arterial
CT during TARE with soluble contrast media injected through the microcatheter, b coronal image of fused
Bremsstrahlung “°Y-SPECT/ CT with intra-arterial CT during TARE and ¢ coronal image of Bremsstrahlung

OV-SPECT

Table 2 Comparison of ?°Y-glass microspheres activity planned on the pre-treatment *™Tc-
MAA SPECT/CT with the ordered *°Y-microspheres activity ', the TheraSphere™ vial and when

applying the “*°Y-Res correction”?

TheraSphere™ vial

obtained after subtraction of “°Y-Res activity to *°Y activity in the

Mean °°Y %Y Activity  Difference with Difference with
Activity+SDin rangein planned activity planned activity p
MBq MBq in % value

DY activity planned on pre-treat- 171341121 [500-6000] - -

ment #™c-MAA SPECT/CT !

DY activity in the TheraSphere™ 178141182 [542-6269] 584+ —37 <0.001

vial

0¥ activity with “°Y-Res correc- 175241107 [511-5932] 0843 0.59

tion”?

significant difference in the value of *°Y-Res between single or multicompartment
treatments (mean 88.4+96.8 MBq versus 116.8+85.6 MBq and mean 4.8% =+ 3.7
versus 6.4% +4; p=0.34 and p=0.20 respectively). Similarly, there was also no sig-

nificant difference for the intended therapeutic activity as a function of the treatment

Page 6 of 15
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Fig. 3 Correlation between “*Y-Res in MBq, measured using *Y-PET/CT post-TARE and the activity in the
sealed TheraSphere™ vial before TARE

type (p=0.58). There were, however, significant differences between perfused vol-
umes with significantly smaller volumes in patients that had a single-compartment
TARE when compared to multicompartment treatments with mean 3424 368 cm?®
versus 894+ 513 cm?, respectively (p <0.001). Similarly, AD was significantly higher
when a radiation segmentectomy was planned for both the perfused volume and
perfused tumor volume: mean AD 387 264 Gy versus 148 £87 Gy and mean AD
548 + 486 Gy versus 223 £ 80 Gy, respectively (p <0.001).

Parameters impacting °°Y-Res

There were 11 TARE injections at a lobar position and 50 injections at sub-lobar posi-
tion including 35 injections at segmental an/or subsegmental levels. There was a sig-
nificant difference in the activity of the *°Y-Res depending on the artery position for
the delivery of *°Y-glass microspheres with a significantly higher *°Y-Res at a lobar
position 205.6 + 137 MBq versus 69.2 M +59.1 Bq for sub-lobar TARE or 6.5+3.3%
versus 4.6 +3.7% of the activity in the TheraSphere'" vial prior to the TARE for lobar
and sublobar injections respectively (p=0.008). Intended administered activity for
lobar injection was also significantly higher with a mean value of 2986 + 1551 MBq
versus 1467 =767 MBq (p=0.009) so as both perfused volume 911+ 338 cm?® ver-
sus 338 £291 cm? and perfused tumor volume 428 +306 cm? versus 1594175 cm?®
respectively (»=0.02 and p =0.022). Additionally, healthy perfused liver AD was sig-
nificantly lower for TARE injection at a lobar position 50 =21.9 Gy versus 801 24 Gy
(p=0.046). In this cohort, 2.7Fr microcatheter was used for 23 TARE injections
mainly in multi-compartment treatments (8 out of 13) and when the injection was
done at a lobar position (7 out 11) whereas the smaller 1.98/2.8Fr microcatheter,
which was the most frequently used, was preferred for single-compartment treat-
ments (33 out of 38) and selective approaches (34 out of 50 treatments at sub lobar
positions). We found significant differences according to the type of microcatheter
with significantly higher *°Y-Res with P-cat 138.7 4 122.9 MBq versus 66.5 457 MBq
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for AP-cat (p=0.013). However, intended activity on pre-treatment *™Tc-MAA
SPECT/CT was also significantly higher with a mean value of 2198.3 +1320.9 MBq
when P-cat was used versus 1464.2 +863.3 MBq for AP-cat (p =0.013). Similarly, both
perfused volume and tumor perfused volume were higher when P-cat was used when
compared to the smaller one, 718 4566 cm? versus 292 +273 cm® and 328 +276 cm?®
versus 144+ 169 cm?, respectively (p =0.003 and p = 0.014 respectively).

Impact of °Y-Res on #*™Tc-MAA SPECT/CT dosimetry

Looking at the impact of *°Y-Res on TARE dosimetry, we found a strong and posi-
tive correlation between *°Y-Res, the perfused volume (p=0.651; p<0.001), the
tumor perfused volume (p=0.608; p <0.001) and the healthy tissue perfused volume
(p=0.737; p <0.001) with higher *°Y-Res.

There were very strong positive association between AD measured in both perfused
volume and perfused tumor volume calculated on pre-treatment *™Tc-MAA SPECT/
CT with the new values obtained after applying the previously mentioned “corrected
activity” to pre-treatment **"Tc-MAA SPECT/CT (Table 3). However, when compar-
ing absorbed dose values between the pre-treatment **™Tc-MAA SPECT/CT dosim-
etry and the *™Tc-MAA SPECT/CT dosimetry using the “*’Y-Res correction” there
were no longer any significant difference (Table 3). The impact of °Y-Res on person-
alized dosimetry was further investigated in a subgroup of HCC patients with bor-
derline perfused tumor dosimetry on the initial pre-treatment **™"Tc-MAA SPECT/
CT that is HCC patients with mean tumor AD within 205 Gy =+ 10% for the perfused
tumour volume (Table 4). In 1 out 5 patients with borderline but acceptable tumor
AD on the pre-treatment *™Tc-MAA SPECT/CT dosimetry the resulting tumor
AD estimated after implementation of the ““°Y-Res correction” was below the rec-
ommended threshold for HCC patients. This was interesting although a *°Y-PET/CT
post-TARE imaging of the patient would have been useful to confirm this result.

Table 3 Comparison of TARE dosimetry as a function of *°Y-glass microspheres activity for each
perfused volume; * t-test for dependent samples and ** Spearman correlation between AD value
calculated on pre-treatment *™Tc-MAA SPECT/CT with the ordered “®Y-microspheres activity ' and
a retrospective comparison with ™ Tc-MAA SPECT/CT when applying the “°Y-Res correction”
obtained after subtraction of “°Y-Res activity to *°Y activity in the TheraSphere™ vial; AD = Absorbed

dose
Estimated AD MeaninGy RangeinGy pvalue* Rhoandp
values **
PMT-MAA Perfused volume Pre-treatment ! 3354259 [64-1280] - -
SPECT/CT With"®Y-Res 3264256 [62-1313] 016 0.950; <0.001
correction”?
Perfused tumor  Pre-treatment ! 4774456 [135-2353] - -
With "°Y-Res 4734483  [151-2412] 0.7 0.998; <0.001
correction”?
Healthy per- Pre-treatment ' 63+32 [29-125] - -
fused liver tissue ity 90y Res 54433 (33-103] 082 0.998; <0.001

correction”?
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Table 4 Comparison of TARE dosimetry in HCC patients with borderline perfused tumor dosimetry
(AD of 205 Gy = 10%) on on pre-treatment ™ Tc-MAA SPECT/CT with the ordered “°Y-microspheres
activity ' and a retrospective comparison with ®™Tc-MAA SPECT/CT when applying the “*Y-Res
correction”? obtained after subtraction of “°Y-Res activity to *°Y activity in the TheraSphere™ vial; in
bold underlined tumor dosimetry with resulting estimated AD below the recommended threshold
of 205 Gy for HCC tumor after the retrospective subtraction of °Y-Res activity to the initial *°™Tc-
MAA SPECT/CT; AD = Absorbed dose

HCC patients  Treatment type Tumor perfused  Estimated AD in Gy on ™ Tc-MAA  °°Y-Res
volume in cm? SPECT/CT

Pre-treatment’  With“°°Y-Res  Absolute
w2

correction value in
MBq
Patient 1 Multicompartment 57 226 216 187.2
Patient 2 Multicompartment 114 194 200 74.9
Patient 3 Segmentectomy 3 216 236 106.3
Patient 4 Segmentectomy 363 223 220 157.3
Patient 5 Multicompartment 96 216 200 230.3

Discussion

Personalized dosimetry became the major key element in *°Y-microspheres TARE.
Moreover, for an accurate calculation of absorbed doses, a precise measurement of the
actual administered activity injected to the patient is essential. In our study, we reported
a mean *°Y-Res below 5% (4.8 & 3.5%, range 0.2—13.7) of the planned administered activ-
ity. This was slightly higher than the value reported by Drescher et al. (3.441.7%, range
0.9-8.8%), which might be explained by the larger number of injections (n=61) in our
study when compared to their study (n=18) (Drescher et al. 2020). *°Y-Res was strongly
correlated to the activity in the sealed TheraSphere™ vial which might require optimiz-
ing some technical aspect of TARE such as a more thorough flushing of the TARE deliv-
ery system when higher activity is injected or additional controls of the delivery system
using a survey meter during the procedure to reduce *°Y-Res. These aspects were not
investigated in this work but certainly deserve further investigations. We did also find
significant differences in the values of *°Y-Res according to the injection selectivity dur-
ing TARE or the type of microcatheter used. These 2 parameters were also associated
with significant differences in sizes for perfused volume and perfused tumor volume.
There were also significant differences in the activity of the TheraSphere™ vial before
TARE, indicating once again that this was the main factor associated with *°Y-Res. In
cases of high *°Y-Res, the resulting tumor absorbed dose might be lower than predicted
on pre-treatment ™ Tc-MAA SPECT/CT. This finding is relevant, especially in patients
with borderline tumor dosimetry meaning patients with tumor predicted dosimetry
equal or very close to the expected efficacy threshold on **™Tc-MAA SPECT/CT. In rou-
tine practice a waste fraction of approximately 2% of the TheraSphere"" ordered activity
is expected, hence a difference between the planned and the delivered activity should
be expected. Nonetheless, in our series the difference was significantly higher. Indeed,
though we found a mean *°Y-Res of 93.1494.6 MBq that is 4.8 +3.5% of the injected
activity, on average 96.7 +72.3 MBq that is 5.8% £ 3.7 more activity was measured in
the TheraSphere"” vial before the procedure in comparison to the planned therapeutic
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activity determined on the pre-treatment ™ Tc-MAA SPECT/CT. This might be related
to our fixed days for the TARE procedure and subsequently the calibration date of the
TheraSphere™ vial. Additionally, as we found that *°Y-Res was significantly correlated to
the TheraSphere " vial activity, a higher *°Y-Res should be expected in patients for which
a higher *°Y-microspheres activity was ordered and it might be beneficial to adjust the
ordered activity with at least 5% additional **Y-microspheres activity for those patients.
Nonetheless, though this finding was interesting, no significant difference for absorbed
dose was found between the planned therapeutic activity and after the “*°Y-Res correc-
tion” was applied, thus limiting the impact of *°Y-Res on perfused tumor and healthy
perfused liver tissue absorbed dose. However, this was not the case for HCC patients for
whom tumor dosimetry was already borderline on pre-treatment **™Tc-MAA SPECT/
CT as reported for 2 out of 22 HCC patients in this cohort that ultimately received a
perfused tumor AD below the recommended 205 Gy threshold (Garin et al. 2021).
Those results were an estimation with the “corrected activity” reported on pre-treatment
9mTe-MAA SPECT/CT for each patients and a more accurate measurement of the final
tumor AD with patients’ post-TARE *°Y-PET/CT should be done in addition to *°Y-Res
measurement but it was not possible in our institution at the time ouf this study. None-
theless, special attention should be given to an optimal flushing of the injection system
especially when the activity in the TheraSphere™ vial is equal or slightly less than the
planned activity on the initial pre-treatment *Tc-MAA SPECT/CT in patients with
borderline tumor dosimetry. Indeed, it might prevent the recommended threshold of
205 Gy for the index lesions to be reached in these patients as an average residual activ-
ity of 5% could be expected. We did not explore the dosimetry aspect of the liver tumors
outside of HCC due to the current lack of strong consensus on those tumors’ dosimetry
and to the relatively smaller number of patients with cholangiocarcinoma and the vari-
ous histology type of liver metastases.

The accurate calculation of post-treatment residual activity has been reported in the
literature (Drescher et al. 2020; Ebbers et al. 2020). Yet, there is currently no consen-
sus on the systematic measurement of the residual activity of *°Y-glass microspheres in
patients undergoing TARE (Salem et al. 2023; Lambert et al. 2010; Garin et al. 2016).
Additionally, though MIRD equations for doses calculation estimates the injected activ-
ity corrected for possible error factors it does not require an accurate measurement of
post-treatment residual activity (Gulec et al. 2006; Bolch et al. 2009). However, an esti-
mation of the final activity delivered to the patient during TARE has been recommended
by The American association of physicists (Dezarn et al. 2011). The use of a dose calibra-
tor was favored in comparison to a survey meter to measure post-TARE residual activity
that should subsequently be subtracted to the patient’s planned injected activity to refine
the final dosimetry (Dezarn et al. 2011). Chiesa et al. also included in their calculation
for Al
the lung shunt fraction and the residual activity in the vial though the determination of

(°°Y), a correction of the activity injected in the liver A, (*°Y) as a function of

the latter is not clear and do not account for the residual activity in the delivery tubing
(Chiesa et al. 2015). In TARE with *°Y-resin microspheres, it is strongly recommended
to estimate the post-procedure residual activity present in the vial and delivery system,
though the methodology to achieve this measurement was not specified. A survey, a
dose calibrator or imaging (**Y-PET/CT or *°Y-bremsstrahlung emission CT) were all
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available (Levillain et al. 2021). In our study, we chose to measure the residual activity in
the vial and the delivery tubing including the microcatheter in a sealed plastic waste con-
tainer for radioprotection purposes. We avoided disconnecting the delivery tubing after
TARE as it might have led to additional exposure for the operators and an increased
risk of radioactive contamination of the angiography suite. Additionally, although it
would have been interesting to have a more precise assessment of the residual activity
in the microcatheter independently of the rest of the delivery tubing to assess its impact
more precisely in our study, it has already been reported in the literature. Drescher et al.
showed that most of the residual activity measured using the activimeter or *°Y-PET/
CT after TARE injection was contained in the microcatheter and connector (Drescher
et al. 2020). However, due to discrepancies reported in the literature between **™Tc-
MAA SPECT/CT prediction and actual distribution of °°Y microspheres resin or glass,
when available *°Y-PET/CT with time-of-flight is optimal to more accurately define the
actual tumor dosimetry (Chiesa et al. 2021). Unfortunately, due to reimbursement issues
in Switzerland at the time of the study, “°Y-PET/CT post-TARE was not systematically
available for the patient or to measure *°Y-Res. We chose not to explore *°Y-bremsstrahl-
ung SPECT/CT imaging in this study as it was not quantitative and the vendor protocol
used in our machine in routine practice uses an algorithm that adjusts reconstruction
parameters to obtain an image with an acceptable noise signal, hence those parameters
might vary depending on the patient. However, interesting results were reported in the
literature related to the use of SPECT/imaging post-TARE (Kim et al. 2021). Nonethe-
less, further investigations comparing those results with **Y-PET/CT post-TARE should
be done and if confirm could benefit other institution without routine *°Y-PET/CT post-
TARE available (Kim et al. 2021). Instead, we use a survey dose-rate and *°Y-PET/CT
is reserved to cases where post-treatment residual activity is higher than expected. We
currently use a threshold of >10% of the dose-rate measured from the "l'heraSphereTM
vial before the injection. The comparison of *’Y-Res measurements between the sur-
vey meter and the **Y-PET/CT was not within the spectrum of this study and has been
reported in the literature (Dezarn and Kennedy 2007). Indeed, the use of a survey dose-
rate meter to assess residual activity post-TARE has shown consistent results with dose
calibrator measurements in the setting of *’Y-resin microspheres whereas it was not the
case for *°Y-glass microspheres (Ebbers et al. 2020; Dezarn and Kennedy 2007). None-
theless, the use of a survey dose-rate meter remains essential in routine practice and
the use of *°Y-PET/CT scan diminish the risk of contamination and overall radiation
exposure for the workers in comparison to the use of a dose calibrator (Ebbers et al.
2020). In our institution, the measurement of *°Y-Res using OY_PET/CT is also done in
selected cases if the patients require an additional *°Y-PET/CT scan after conventional
%9Y-bremsstrahlung emission to precisely define tumor absorbed dose in particular cases
such as significant differences in **Y-microspheres distribution in the perfused volume
in comparison to pre-treatment ™ Tc-MAA SPECT/CT.

The impact of °Y-Res on calculation of AD of the perfused tumor volume might have
been underestimated in our cohort due to the clear imbalance between multi-compart-
ment and single-compartment treatment. Indeed, there is a proportion of 79% radiation
segmentectomies in our study for which the mean tumor absorbed dose was 548 Gy
that is more than 2 times higher in comparison to the 223 Gy AD in multi-compartment



Boughdad et al. EINMMI Reports (2024) 8:26 Page 12 of 15

treatment. Thus, in the case radiation segmentectomy treatments as tumor AD was very
high on *™Tc-MAA SPECT/CT a *°Y-Res of 5% will not have a significant impact on
tumor absorbed dose according to the currently recommended threshold of 205 Gy for
tumor AD in HCC patients who represent the vast majority of our population (Garin
et al. 2021). AD was less likely to be affected if the activity after the “°Y-Res correction”
was slightly lower than planned. Indeed, optimizing perfused tumor AD while limiting
the volume of healthy perfused liver tissue within the perfused volume prompt to a radi-
ation segmentectomy approach. Therefore, TARE with multiple injections to improve
tumor targeting was preferred in our institution with at least 2 different arterial positions
in 19/41 TARE procedures (49%). Additionally, in this population, 6 patients had multi-
ple TARE procedures usually in the setting of very large or bi-lobar tumor infiltration.

A potential limitation in our study was that the influence of the day of the TARE pro-
cedure with respect to the date of the calibrated vial activity which was not investigated.
The calibration date affects the number of microspheres for a matched activity, hence
microsphere specific activity (Spreafico et al. 2014). In our institution we had during the
time of this study significantly higher *°Y activity delivered on the day of the TARE pro-
cedure compared to the activity defined on the pre-treatment *™Tc-MAA SPECT/CT
which most likely related to our fixed days for the TARE procedure that is Thursdays
and Fridays, which would automatically impact the dose calibration date for the man-
ufacturer. Thus, as previously mentioned when we subtracted the **Y-res to the activ-
ity measured on the TheraSphere" vial using an activimeter calibrated to the national
standard the resulting “the corrected activity” was similar to the planned activity on
the pre-treatment *™Tc-MAA SPECT/CT limiting the impact of *°Y-res in our institu-
tion but this might not be the case in other institutions without fixed days for the TARE
procedure.

Another important issue affecting the accuracy of the estimated AD in target tis-
sues was pointed out by Gnesin et al. (2023) and corroborated by Auditore et al. using
Monte-Carlo simulation, Auditore et al. (2023). They measured discrepancies between
the calibrated *°Y vial activities stated by the vendors and the measured activity of the
same vials obtained with quantitative *°Y-PET/CT (Auditore et al. 2023). For the case of
%9Y-glass microspheres, an overestimate of the vial activity by a 20% have been reported
compared to PET assessment and *°Y Chloride calibrated vial. In absence of new dosim-
etry results at the time of analysis considering the reported discrepancies, in the present
study we neglected this effect that has a direct impact in absolute quantification of the
vial and though it might also affect the relative percent difference when compared to
the TheraSphere™" vial measured before TARE using the activimeter it would not affect
the absolute value in MBq of *°Y-Res measured using *°Y-PET/CT which showed con-
sistent and significant differences in our study. Additionally, in this study **Y-PET/CT
provided with quantitative assessment of the *°Y activity in the acquired field of view
based on its calibration with the '®F. The quantification of *°Y it is obtained from the 13F
quantification based on the knowledge of the radioscopes half-lives and beta + particle
emission yield. Our PET/CT had a quantitative accuracy of ~5% in respect to the '°F.
It is expected to have a similar accuracy for the *°Y. The expected quantitative accuracy
for the °Y is also corroborated by recent publications (Gnesin et al. 2023; Auditore et al.
2023) where the °Y-PET activity measured in vials containing a homogenous activity
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concentration of *°Y was in a ~ 5% agreement with the calibrated activity declared by the
vial vendor. We should also mention that the measurement of the *°Y residual activity
was measured with three independent methods, that was *°Y-PET/CT, a survey dose-
rate and an activimeter and the results of this study will soon be published.

Despite the previously mentioned limitations we thought this study to be of value, in
this era of personalized dosimetry, the accurate calculation of the perfused tumor AD
is essential as it is associated with tumor response and survival outcomes as reported
in the recent literature (Garin et al. 2021; Lam et al. 2022; Salem et al. 2021). Thus,
prompting the implementing of a routine procedure for measuring post-TARE residual
activity after each procedure to quickly determine which patient might benefit from an
additional **Y-PET/CT scan to verify if the target lesion received the recommended
absorbed dose despite a higher residual **Y-micropheres activity after the procedure.
This aspect is particularly relevant in nuclear medicine services with limited availabil-
ity of *°Y-PET/CT which restrict the possibility to systematically calculated the accurate
perfused tumor AD though its significant association with objective response rate has
been demonstrated in a prospective trial of HCC patients (Chan et al. 2018). Addition-
ally, to consolidate the importance of personalized dosimetry, more technical develop-
ments are expected to be implemented in the future, such as 3D voxel dosimetry that
could improve the quantification of °Y-microspheres distribution (Balagopal and Kap-
padath 2018). Moreover, it seems reasonable that a standardization of the measurement
of the residual activity should also be implemented in routine practice (Veenstra et al.
2022).

Conclusion

Our study reported original results on the measurement of *°Y-Res using **Y-PET/CT
after TARE with an average of 5% residual *°Y-glass microspheres activity not delivered
to the patient. The injection selectivity and the type of microcatheter were significantly
associated with °Y-Res, but the strongest association was found with the injected activ-
ity suggesting that the higher injected activity the higher **Y-Res value and a stand-
ardization of its measurement should be implemented in clinical practice. Therefore,
when a high *°Y-Res is suspected on the survey meter, additional investigations such as
a “%Y-PET/CT scan of *°Y-Res and a dedicated post-TARE *’Y-PET/CT imaging of the
patient’s treatment site should be done if possible for a more accurate tumor dosimetry
accounting for the °°Y-microspheres activity ultimately injected to the patient to assess if
the target lesion did receive the recommended AD. This is especially important in HCC
patients for whom TARE is planned as a multicompartment treatment with a borderline
perfused tumor or healthy perfused tissue dosimetry on the initial pre-treatment **™Tc-
MAA SPECT/CT.

Abbreviations

PY-Res 9Y-glass microspheres residue

9MTe-MAA SPECT/CT  “MTc-macroaggregated albumin single-photon emission computerized tomography/ comput-
erized tomography

AD Absorbed dose

AP-cat ASAHI Masters Parkway Soft 1.98/2.8 F microcatheter
HCC Hepatocellular carcinoma

P-cat Progreat 2.7Fr. microcatheter

TARE Transarterial radio-embolization
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