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Abstract

Introduction Volume changes induced by selective internal radiation therapy (SIRT) may increase the possibility of tumor
resection in patients with insufficient future liver remnant (FLR). The aim was to identify dosimetric and clinical parameters
associated with contralateral hepatic hypertrophy after lobar/extended lobar SIRT with *°Y-resin microspheres.

Materials and methods Patients underwent °°Y PET/CT after lobar or extended lobar (right + segment IV) SIRT. *°Y voxel
dosimetry was retrospectively performed (PLANET Dose; DOSIsoft SA). Mean absorbed doses to tumoral/non-tumoral-treated
volumes (NTL) and dose-volume histograms were extracted. Clinical variables were collected. Patients were stratified by FLR at
baseline (TO-FLR): < 30% (would require hypertrophy) and > 30%. Changes in volume of the treated, non-treated liver, and FLR
were calculated at < 2 (T1), 2-5 (T2), and 612 months (T3) post-SIRT. Univariable and multivariable regression analyses were
performed to identify predictors of atrophy, hypertrophy, and increase in FLR. The best cut-off value to predict an increase of
FLR to > 40% was defined using ROC analysis.

Results Fifty-six patients were studied; most had primary liver tumors (71.4%), 40.4% had cirrhosis, and 39.3% had been
previously treated with chemotherapy. FLR in patients with TO-FLR < 30% increased progressively (T0: 25.2%; T1: 32.7%;
T2: 38.1%; T3: 44.7%). No dosimetric parameter predicted atrophy. Both NTL-Dmean and NTL-V30 (fraction of NTL exposed
to > 30 Gy) were predictive of increase in FLR in patients with TO FLR < 30%, the latter also in the total cohort of patients.
Hypertrophy was not significantly associated with tumor dose or tumor size. When > 49% of NTL received > 30 Gy, FLR
increased to > 40% (accuracy: 76.4% in all patients and 80.95% in TO-FLR < 30% patients).

Conclusion NTL-Dmean and NTL exposed to > 30 Gy (NTL-V30) were most significantly associated with increase in FLR
(particularly among patients with TO-FLR < 30%). When half of NTL received > 30 Gy, FLR increased to > 40%, with higher
accuracy among patients with TO-FLR < 30%.
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Introduction

Selective internal radiation therapy (SIRT), also termed
radioembolization, is an established treatment for primary
and secondary unresectable hepatic malignancies [1], in which
Yttrium-90 (°°Y)-loaded resin microspheres are injected in the
arterial vasculature of the liver. While most microspheres get
embedded into the tumor vasculature due to its mainly arterial
irrigation, those beads that are deployed in the non-cancerous
liver parenchyma also deliver radiation to this tissue compart-
ment. Such liver absorbed radiation may in turn result in clin-
ical [2] or subclinical [3] liver damage. Significant liver atro-
phy following whole-liver SIRT may induce clinical decom-
pensation [2].

Lobar SIRT may induce volumetric changes in the liv-
er, with atrophy of the treated volume and hypertrophy of
the spared liver volume [4—12]. The mechanism of this
“atrophy-hypertrophy complex” is not fully understood.
The fact that contralateral hypertrophy is consistently as-
sociated with ipsilateral atrophy suggests that it may be a
compensatory mechanism [13]. The importance of such
compensatory hypertrophy is that it can allow tumor re-
section in patients in whom the future liver remnant
(FLR) is insufficient before SIRT [12]. Indeed, contralat-
eral hypertrophy can be one of the aims of SIRT in certain
clinical scenarios. In patients with good liver function, a
FLR of at least 25-30% is considered sufficient to prevent
liver failure [14]. However, in patients with cirrhosis, up
to 40% must be preserved [15, 16].

Recently, there is a great interest in the influence of dosi-
metric and biologic effects of radionuclide therapies, while
quantitative imaging is becoming a significant part of the
treatment planning workflow [17]. **™Tc-labeled macro-
aggregates of albumin (**™Tc-MAA) scintigraphy is part of
the treatment planning for SIRT, and dosimetric approaches to
calculate the prescribed activity have been designed to en-
hance tumor dose and reduce toxicity in an attempt to improve
patient outcomes [2, 18-22]. Few dosimetric studies have
attempted to predict contralateral liver hypertrophy after lobar
SIRT, based on pre-SIRT **™Tc-MAA findings [23].
However, simulation studies with ™ Tc-MAA before SIRT
only depict what the microsphere biodistribution will likely be
after injection. The benefit of post-SIRT *°Y PET/CT is that it
provides an accurate estimation of the actual microsphere
biodistribution [20].

The goal of this study is to evaluate *°Y dosimetric and
clinical parameters that predict atrophy of the treated lobe
(as a surrogate for subclinical liver damage induced by radia-
tion) and hypertrophy of the contralateral lobe (as a potential
primary or secondary treatment aim) after lobar or extended
lobar SIRT with *°Y-loaded resin microspheres. To our
knowledge, this is the first study to investigate the relation
between dosimetric findings on °°Y PET/CT (after SIRT with
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%Y -loaded resin microspheres) and both ipsilateral atrophy
and contralateral hypertrophy.

Material and methods
Patient cohort

This retrospective study included all patients with primary or
secondary hepatic tumors treated with *°Y-loaded resin mi-
crospheres (SIR-Spheres, Sirtex Medical Europe GmbH) at
our institution between December 2011 and December 2019
in whom (i) lobar (right or left) or lobar extended (right lobe
plus segment V) SIRT was performed; (ii) Y PET/CT (°°Y
PET) was obtained; and (iii) one or more cross-sectional im-
aging studies were completed at least within 2 months after
SIRT. Imaging studies at follow-up were scheduled by clini-
cians at different points in time, depending on tumor type,
treatment aim, and other factors. For the purpose of this study,
they were grouped in three time intervals, namely 0—2 months
(T1), 2—6 months (T2), and at 612 months (T3) after SIRT.
In patients that received a second SIRT treatment or were
submitted to any hepatic intervention after SIRT, including
hepatectomy or biliary drainage, their subsequent images were
excluded from analysis.

The current general inclusion criteria for SIRT in our center
are (i) an unequivocal diagnosis of unresectable cancer with
liver-only or liver-dominant tumor burden, (ii) a life expectan-
cy of > 3 months, (iii) an Eastern Cooperative Oncology
Group (ECOG) performance status of 0—1, (iv) a lung shunt
fraction (LSF) <20%, and (v) adequate pulmonary, hemato-
logical, hepatic, and renal function.

As in many patients SIRT was not applied to induce hy-
pertrophy of the FLR as a primary aim (i.e., palliative or cu-
rative intent, as salvage therapy), FLR was not necessarily
insufficient. However, for analytical purposes, the patients
were divided into two groups according to baseline FLR: <
30% (would require hypertrophy to prevent postoperative liv-
er failure [14]) and >30% (would not require hypertrophy to
prevent postoperative liver failure unless cirrhotic [15, 16]).
An FLR >40% was considered adequate for both patients
with and without cirrhosis [15, 16]).

The institutional Ethics Committee approved the protocol
(212/2019) for this retrospective study and waived the need
for patient informed consent. The study was performed in
accordance with the ethical standards laid down in the 1964
Declaration of Helsinki and all subsequent revisions.

Pre-treatment and treatment
Pre-treatment investigations included CT or MRI scans, blood

cell count, and serum biochemistry. Regarding baseline imag-
ing scans (T0), 39 patients (69.6%) had a CT and 17 patients
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(30.4%) had an MRI. Our protocol for SIRT has already been
published [24]. In summary, images were carefully assessed
before angiographic mapping of the abdominal and hepatic
arteries. Planar scans of the lung and liver area in anterior
and posterior views were acquired after injection of **™Tc-
MAA into selected arterial branches followed by SPECT/
CT. They were used for (a) calculation of LSF, (b) calculation
of tumor/non-tumor (T/N) ratio, and (c) detection of any non-
target infused liver volume and the unintentional delivery of
radioactive particles to organs outside the liver. For lobar or
lobar extended SIRT (all the patients in this study), the pre-
scribed *°Y activity was calculated using the partition model,
taking into account LSF, T/N ratio, target tumor volume, and
target hepatic volume from the *”™Tc-MAA study, consider-
ing optimal absorbed doses by tumoral and non-tumoral vol-
umes [24]. SIR-Spheres were injected within 15 days of the
99mTe-MAA scan. In all cases, a same-day calibration 3 GBq
vial was used (44 + 2.6 million spheres per vial) [25].

PET °Y imaging

The day after SIRT (14—17 h after treatment), *°Y PET imag-
ing was performed to evaluate extrahepatic activity deposition
and intrahepatic microsphere distribution, and to permit voxel
dosimetry quantification. °°Y PET images were acquired on a
Siemens Biograph mCT TrueV scanner (Siemens Medical
Solutions, Hoffman States, IL, USA). The 0y PET acquisi-
tion duration was 30 min (10 min per bed position) where
complete chest and abdomen areas were included. *°Y PET
images were reconstructed on 200 % 200 matrix using an iter-
ative method (OSEM) including algorithms for PSF (point
spread function) recovery and TOF (time of flight) calculation
(1 iteration and 21 subsets), including a Gaussian post-
reconstruction filter (5 mm) with CT-based correction, pub-
lished elsewhere [26]. CT images were acquired in a spiral
mode (pitch 1.2, 120 kVp, and care dose 4D).

Dosimetric analysis

Retrospective *°Y PET-based voxel dosimetry was performed
using a dedicated treatment planning system (PLANET Dose;
DOSIsoft SA). The image files for TO and follow-up studies
were imported, and an anatomic outline of the total treated
volume (right lobe, right lobe plus segment IV, or left lobe),
and non-treated volume (contralateral, spared volume)
were made on the axial plane on portal phase contrast-
enhanced CT, MR images, or on the CT of PET/CT by a
nuclear medicine physician. The total liver volume was ac-
quired through volumetric Boolean sum. Within the treated
volume, the delineation of the tumor was also made on ana-
tomic images. Rigid registration was performed, and contours
were propagated to the °°Y PET, and adjusted manually as
needed in order to correct millimetric errors in registration.

The non-tumoral target liver (NTL) volume was defined by
excluding the tumor volume from the target liver.

A 3-dimensional dose map was calculated using a kernel
convolution algorithm at the voxel level. The mean dose
(Dmean) to the total target liver, NTL, and tumor volumes
was studied, as well as other metrics extracted from dose-
volume histograms (DVH): the minimum dose to 20%,
50%, 70%, 90% 95%, and 98% of the NTL or tumor volume
and the percentage of the volume receiving at least 30, 40, 50,
70, 100, and 120 Gy.

For ™ Tc-MAA, the voxel dosimetry analysis was not per-
formed. Mean doses estimated to the tumor and NTL were ob-
tained by formula derived from the *°™Tc-MAA study
(bidimensional T/N ratio and LSF), and from CT/MRI (tumor
volume and non-tumor volume) and used for activity calculation.

Follow-up evaluation

Atrophy and hypertrophy were assessed as absolute (ml) and
relative (%) changes between volumes at TO (corresponding
to the most recent CT or MR images prior to SIRT), and at T,
T2, and T3. The FLR was defined as the ratio between the
volume of non-treated liver and total liver volume. The FLR
was calculated at TO, T1, T2, and T3. Maximal hypertrophy
(MHT) and its time of occurrence were also calculated.

Clinical and laboratory data were retrospectively collected
from each time point. Specific SIRT complications that were
searched in medical records included (a) post-
radioembolization syndrome (PRS), defined as the occurrence
of self-limited fever, fatigue, abdominal pain, nausea,
vomiting, or anorexia [27]; (b) radioembolization-induced liv-
er disease (REILD) [2]; and (c) non-target delivery of radia-
tion to lung or gastrointestinal tract (pneumonitis, gastrointes-
tinal ulceration, cholecystitis). Tumor response was assessed
using Response Evaluation Criteria in Solid Tumors version
1.0 [28]. It was evaluated until 9 months after SIRT or until a
surgical, systemic, or new local treatment in the same lobe was
used. Patients who received hepatectomy post-
radioembolization were also recorded.

Statistical analysis

Descriptive statistics were produced for quantitative variables
and frequency and percentage for categorical variables.
Univariate regression analysis was performed in the entire
cohort, and in patients with FLR <30 and >30%. Variables
considered were dosimetric (injected, mean dose to tumor and
NTL according to **™Tc-MAA dosimetry by formula, and 3D
voxel based in 90Y PET parameters, i.e., mean dose and DVH
values to the tumor and NTL), clinical (age, sex, presence of
cirrhosis, prior chemotherapy, prior TACE, treatment-naive
status, chemotherapy post-SIRT, primary vs. secondary tu-
mors, unifocal or multifocal tumor, SIRT injection approach),
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and volumetric (target and non-target liver volume, tumor
volume, tumors larger or smaller than 100 ml, and tumor to
target liver volume ratio).

Variables associated with hypertrophy or increase in FLR
in the total cohort with a p value < 0.2 were further considered;
multivariate analyses were performed to identify the best pre-
dictors of atrophy, hypertrophy, and increase in FLR in pa-
tients with FLR <30 and >30%.

Receiver operator characteristic (ROC) curves were used to
identify optimal cut-off points for prediction of increase in
FLR to > 30% and >40% (the latter, an adequate FLR for
surgery even in cirrhotic patients [29]). Sensitivity, specificity,
positive predictive value (PPV), negative predictive value
(NPV), positive likelihood ratio (LR+), negative likelihood
ratio (LR—), and accuracy of predictors were calculated.
Different dosimetric and volumetric parameters were correlat-
ed with NTL atrophy and contralateral hypertrophy through
Spearman’s Rho. Volume changes in the total target liver, in
the NTL, as well as in the non-treated lobe (in ml and percent-
age change) between different time periods were studied using
the Wilcoxon test for related samples. Atrophy and hypertro-
phy in cirrhotic and non-cirrhotic patients, as well as in pa-
tients with other clinical variables, were compared using the
Mann-Whitney U test.

The correlation between NTL atrophy and contralateral
hypertrophy was also determined with Spearman’s Rho. The
concordance between these last two variables was measured
by means of Lin’s concordance coefficient. Stata version 12.0
(Stata Corporation, College Station, Texas, USA) was used
for statistical analysis. Values of p <0.05 were considered
statistically significant.

Results
Patients

Fifty-six patients met patient selection criteria and their gen-
eral characteristics are summarized in Table 1. Most patients
had primary liver tumors (71.4%) and 40.4% had cirrhosis.
Liver and hematological functions were basically preserved.
During follow-up, 51 patients had imaging studies at T1, 45 at
T2, and 23 at T3. Median time from SIRT was 1.79 months
(IQR: 0.63) for T1, 4.12 months (IQR: 1.45) for T2, and
8.97 months (IQR: 2.53) for T3. Dosimetric parameters are
summarized in Table 2.

Atrophy and hypertrophy
There was a progressive decrease in the volume of the treated
segments (Fig. 1, Table 3) that was statistically significant in

each time period compared to the previous one. These results
remained consistent in patients in whom the right hemi-liver
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or right + segment IV were treated. However, in patients with
left lobar SIRT, the volume of the treated liver decreased
significantly only starting from T2 (p =0.011). A progressive
increase in the volume of the non-treated liver was observed
(see Table 3 and Fig. 1). This was statistically significant
between TO and T1 (p<0.001), and between T1 and T2
(p=0.002), but not between T2 and T3 (p =0.178).

Total liver volume progressively decreased, although dif-
ferences were not statistically significant in any time period.
Compared to TO (1919.7+671.8 ml), total liver volume de-
creased at T1 (1891.2+£725.5 ml; p=0.290), to T2 (1791 £
639.8 ml; p= 0.052), and T3 (1567.7 + 522.9 ml; p =0.059),
because hypertrophy of the non-treated liver partially compen-
sated for the atrophy of the treated segments. Maximal hyper-
trophy was 36.40 +40.64% and occurred mostly at T2 (4.47
+2.82 months).

Increase in FLR, changes in liver function, and outcomes

FLR progressively increased in all patients, as well as in pa-
tients with FLR <30% and >30% at TO (see Table 3).

A clinically irrelevant but statistically significant increase
in total bilirubin was observed from TO (0.67 £+ 0.38 mg/ml) to
T1 (1.02+0.93 mg/ml; p<0.001), T2 (1.38 = 1.88 mg/ml;
»<0.001), and T3 (1.29 £ 1.41 mg/ml; p =0.006). No signif-
icant changes in synthetic liver function (prothrombin time,
INR, and albumin) were seen.

Clinically, post-radioembolization syndrome occurred in
ten patients (17.8%). No patients had REILD or pneumonitis.
Two patients with gastric or duodenal uptake detected on *°Y
PET developed a gastric and a duodenal ulcer respectively,
diagnosed 2 to 3 months after SIRT, both treated symptomat-
ically and one requiring endoscopic treatment. Six patients
were lost at follow-up, one deceased, and five due to continu-
ing follow-up at another hospital center (with available imag-
ing but not clinical data). Out of the remaining 50 patients, 10
patients maintained stable disease, 15 obtained partial re-
sponse, and 4 obtained complete response. After
radioembolization, 11 patients (19.6%) underwent hepatecto-
my. Progressive disease was observed in 21 patients (6 ipsi-
lateral, 11 contralateral, and 4 bilateral).

Prediction of contralateral hypertrophy and increase in FLR

Analyses focused on hypertrophy between TO and T2, when
maximal hypertrophy was mostly found, given that there were
no significant changes in hypertrophy between T2 and T3 and
the number of patients with available imaging studies was
larger in T2 than in T3.

Univariable regression NTL-Dmean, obtained from 99mTc-
MAA and 90Y PET, was significantly associated with contra-
lateral hypertrophy among patients with TO FLR <30%
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Table 1 General characteristics

of patients in the present series Characteristics N (%)
(n=56)
Type of tumor
*Primary liver tumors 40 71.4
Hepatocarcinoma 29 51.8
Cholangiocarcinoma 9 16.1
Mixed hepatocarcinoma/cholangiocarcinoma 2 3.6
Liver metastases 16 28.5
Colorectal cancer 7 12.5
Neuroendocrine tumors 7.1
Other 8.9
Prior therapies
Hepatic resection 10 17.8
Radiofrequency ablation 11 19.6
Transarterial chemoembolization (TACE) 12 21.4
Prior chemotherapy 22 39.3
Antiangiogenic drugs 6 10.7
Disease distribution
Uninodular 16 28.6
Multinodular 40 714
Tumor burden < 100 ml median: 31.6, IQR 50.5 ml 28 50
Tumor burden > 100 ml median: 332.2, IQR 400.7 ml' 28 50
Cirrhosis 19 40.4
Albumin-bilirubin (ALBI) grade
Grade 1 5 8.9
Grade 2 51 91.1
SIRT approach
Right lobar 38 67.9
Extended right lobar (right + segment IV) 6 10.7
Left lobar 12 214
Laboratory data Median IQR
AST, Ul 31 22
ALT, U/l 27 24
Alkaline phosphatase, UI/L 109 73
v-GTP, U/l 1155 183
Total bilirubin, mg/dl 0.55 0.43
Albumin, g/dl 3.78 0.665
ALBI score —2.62 0.35
Platelets, 109/1 177 125

International normalized ratio (INR)

1.1 1

! Largest tumor size: 1495 ml (treated lobe: 2300 ml)

(99mTc-MAA: p=0.024; 90Y PET: p=0.009). Similarly,
NTL-Dmean obtained from 90Y PET was a significant pre-
dictor of increase in FLR (p =0.001) among patients with T0O
FLR <30%. NTL-V30 was a significant predictor of increase
in FLR in the total cohort (p =0.033). Likewise, it was a
predictor of both contralateral hypertrophy (p =0.007) and
increase in FLR (p=0.004) just among patients with TO
FLR <30%. NTL-D95 and NTL-D98 (p =0.026 and 0.015
respectively) were also significantly associated with increase

in FLR in the total cohort of patients, but not according to TO
FLR <30% or >30%.

Injected activity was not a statistically significant predictor
of hypertrophy. Hypertrophy and increase in FLR were not
significantly associated with any dosimetric variables related
to tumor dose (neither in 99mTc-MAA nor in 90Y PET) or
tumor size. Dosimetric, clinical, and baseline volumetric var-
iables associated with hypertrophy and increase in FLR are
further described in Supplementary Table 1.
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Table 2  Dosimetric parameters

Variables Values: Mean + SD

Injected activity

Total target liver-Dmean in Y90-PET
NTL-Dmean predicted from 99mTc-MAA
NTL-Dmean in Y90-PET

NTL-V30

NTL-D95

Tumor-Dmean predicted from 99mTc-MAA
Tumor-Dmean in Y90-PET

1.56+0.67 GBq
58.99+24.04 Gy
59.45+35.42 Gy
50.73+24.69 Gy
58.82421.95%
7.55+7.65 Gy
122.51464.23 Gy
117.90+78.57 Gy

SD standard deviation, Dmean mean dose (Gy), V30 percent of treated
volume that receives at least 30 Gy, NTL non-tumoral target liver; D95
dose that 95% of the treated volume receives

Among clinical variables, the presence of a secondary tu-
mor (p =0.023) and prior chemotherapy (p = 0.027) were sig-
nificantly associated with hypertrophy and increase in FLR.
The volume of the non-target liver was also significantly as-
sociated with hypertrophy and increase in FLR in the total
cohort of patients.

Sex, abnormal platelet count, prothrombin time or serum
transaminases, prior TACE, and chemotherapy post-SIRT
were also not significantly associated with hypertrophy or
increase in FLR. Moreover, the presence of cirrhosis, total
bilirubin at TO, and SIRT approach obtained a significance
of p < 0.2 but did not reach statistical significance.

Multivariable regression In patients with the smaller FLR,
NTL-V30 was the most significant predictor of an increase
in FLR (adjusted R*: 0.609; see Fig. 2, and Supplementary
Table 2). It also predicted the degree of hypertrophy (adjusted
R*: 0.336) at T2. In these patients, the correlation between
NTL-V30 and increase in FLR at T2 was 0.608 with
Spearman’s Rho.

In contrast, in patients with the larger FLR >30% at TO,
NTL-V30 was not significantly associated with hypertrophy
or increase in FLR (RZ: 0.02, p=0.508; see Fig. 2). In these
patients, the volume of the non-treated liver at TO and total
injected activity were independent predictors of an increase in
FLR (R*: 0.34; adjusted R*: 0.28; Supplementary Table 3).

ROC analysis ROC analysis was performed with dosimetric
parameters to identify cut-off points to predict increase in
FLR, described in Table 4. A cut-off of >49% in the fractional
non-tumor volume that receives 30 Gy (NTL-V30) obtained
the highest accuracy to predict increase in FLR, and with
higher accuracy in patients with TO FLR <30%, with a sen-
sitivity, specificity, PPV, NPV, and accuracy of 80.00%,
81.82%, 80.00%, 81.82%, and 80.95% (AUC: 0.809) respec-
tively (Fig. 3).
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Prediction of atrophy of the treated hemi-liver
and correlation with hypertrophy of the non-treated liver

No individual parameter of the dose/volume histogram was
significantly associated with atrophy of the treated segments.
Variables at TO significantly associated with atrophy at T2 in
the total cohort of patients were total bilirubin (p =0.192) and
the volume of the non-treated liver (p = 0.014), although these
associations were not robust in multivariable analysis (see
Supplementary Table 4).

A weak correlation was observed between atrophy of the
treated segments and hypertrophy of the non-treated liver
(Spearman’s Rho, — 0.213 in T1, 0.362 in T2, and 0.351 in
T3). Concordance between both variables showed a Lin coef-
ficient of 0.308.

Discussion

In this study, clinical and dosimetric parameters were evalu-
ated in °°Y PET following lobar SIRT with *°Y-loaded resin
microspheres, in order to identify variables associated with
contralateral hypertrophy in the non-treated liver after SIRT
(as a potential primary or secondary treatment aim) or with
atrophy of the treated lobe (as a surrogate for subclinical liver
damage induced by radiation).

Dosimetric analysis revealed that several variables related
to the dose absorbed by the NTL were the most significant
predictors of contralateral hypertrophy or increase in FLR. In
the univariate analysis, predictors of both were NTL-Dmean
in PET and NTL-V30, the latter in the entire cohort and in
patients with TO FLR <30%, not so in patients with FLR >
30%. To our knowledge, this is the first demonstration of a
correlation between a *°Y PET dosimetric parameter and the
degree of hypertrophy with resin microspheres. An inadequate
FLR is one of the most common reasons for precluding oth-
erwise suitable patients from potentially curative liver resec-
tion. A FLR of at least 30% is required for patients with pre-
served liver function, and at least 40% is required for cirrhotic
patients [29]. Furthermore, an increase in FLR to > 40% was

40%
30%
20%
10%

0%
-10%
-20%
-30%
-40%

Baseline < 2 months 2-6 months 6-12 months
(TO) (T1) (T2) (T3)

=@==Hypertrophy —@=Atrophy

Fig. 1 Changes in volume (%) of the treated (atrophy) and non-treated
liver (hypertrophy) after radioembolization

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Eur J Nucl Med Mol Imaging

Table 3 Atrophy, hypertrophy,

and changes in the future liver To T1 T2 T3

remnant at baseline and during

follow-up Atrophy of the treated hemi-liver
Change in % - 13.9+134 —25.1+18.7 —35.8+17.9
Volume in ml 1183.1 £ 571.3 1037.9+519.7 904.9+522.1 679.9+391.7
p value* < 0.001 < 0.001 0.007
Hypertrophy of the non-treated liver
Change in % 762 + 379 +21.94+29.8 +34.8+54.4 +35.1+35.2
Volume in ml 882.5+514 906.2+£399.8 959.1+356
p value* < 0.001 0.002 0.178
Future liver remnant (FLR; %)
All patients 404 + 17 46.1+17 51.9+17.3 64.5+16.5
p value* <0.001 < 0.001 0.002
FLR < 30% at TO 252 +44 32.7+9.4 38.1£11.6 44.7+12.1
p value* < 0.001 <0.001 0.225
FLR >30% at TO 503 £ 14.6 55.4+14.8 62+13.3 70+13.1
p value* < 0.001 <0.001 0.004

FLR future liver remnant, 70 baseline, 7/ 0-2 months after SIRT, 72 2—-6 months after SIRT, 73 6—12 months

after SIRT

Mean + standard deviation (SD). Positive and negative changes are indicated with (+) and (—) respectively

*Compared to previous time period

predicted by a NTL-V30 of 49%, with a sensitivity, specific-
ity, and accuracy of 78.6%, 69.2%, and 76.4%.

An important finding of our study is the influence of the
baseline volume of the non-treated liver. It was negatively
associated with contralateral hypertrophy and with an increase
in FLR. In other words and not surprisingly, larger contralat-
eral lobes achieved a lower degree of hypertrophy than small-
er ones. This may be partially attributed to larger contralateral
lobes already hypertrophied due to cirrhosis, consistent with
Goebel et al.’s [30] finding that the baseline relative left liver
volume (defined as left liver volume/total liver volume) was
significantly higher in patients with cirrhosis than in patients
without cirrhosis. As importantly, these findings suggest that
those local factors that trigger hypertrophy are not induced or
are not as effective in large FLRs. In our study, cirrhosis
approached, but did not reach statistical significance.

Palard et al. [23] evaluated dosimetric parameters associat-
ed with contralateral hypertrophy in patients treated with *°Y-
loaded glass microspheres. However, they studied dosimetric
parameters from 9MTe MAA and not from *°Y PET, which
demonstrates the true distribution of injected activity. In our
study, we compared NTL-Dmean of > Tc-MAA obtained by
formula with 3D voxel-based dosimetry in °°Y PET.
Congruent with our study, they found that NTL-Dmean with
M MAA was associated with MHT > 10%, while Tumor-
Dmean and injected activity as continuous variables were not.
Our study focused on the increase in FLR instead of MHT >
10% because we believe that the former is more clinically
relevant. In our study, NTL-Dmean in 99MTe MAA and °°Y

PET were statistically significant in the univariable analysis
only in patients with FLR < 30.

Currently, there are three types of microspheres
(TheraSphere, SIR-Spheres, and QuiremSpheres) and each
of them has different properties [31]. In patients treated with
SIR-Spheres, the number of particles used is higher than pa-
tients treated with TheraSphere (2040 million vs. 5 million)
producing a more relative embolic effect, with lower specific

Increase in FLR (%)

140
120
100+
80
60
40+
204
0_

0 20 40 60 80 100

NTL-V30 (%)

° FLR <30 at TO
Fitted values

FLR>=30at TO
Fitted values

Fig. 2 FLR: the ratio between the volume of non-treated liver and total
liver volume in percent; NTL-V30: percent of the non-treated volume that
receives at least 30 Gy; 70: baseline; 72: 2—6 months. Scatter plot of
percent increase in FLR in T2 according to patients with FLR <30%
and >30% at TO. NTL-V30 was associated with increase in FLR in
patients with the lower FLR <30% at TO (adjusted R*: 0.609), but not
in patients with the higher FLR >30% at TO (adjusted R*: 0.336)
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Table 4 ROC analysis of dosimetric parameters

Dosimetric parameter Cut-off Endpoint Sensitivity Specificity Accuracy LR+ LR- AUC
NTL-Dmean >40.17 Gy' FLR>30% 60.8% 80% 62.5% 3.039 0.490 0.765
NTL-V30 >48.03%" 74.5% 80% 75% 3.726 0.319 0.796
NTL-D95 5.98 Gy' 51% 80% 53.6% 2.549 0.618 0.608
NTL-D98 3.16 Gy' 47.1% 80% 50% 2.353 0.662 0.577
NTL-Dmean >56.48 Gy' FLR >40% 48.8% 92.3% 58.9% 6.349 0.554 0.680
NTL-V30 >49.07%" 79.1% 69.2% 76.8% 2.570 0.302 0.734
NTL-D95 >7.39 Gy' 51.2% 92.3% 60.7% 6.651 0.529 0.667
NTL-D98 >3.98 Gy' 41.9% 92.3% 53.6% 5.442 0.630 0.629

NTL non-tumoral target liver, Dmean mean dose (Gy), V30 percent of treated volume that receives at least 30 Gy, D95 dose that 95% of the treated
volume receives, D98 dose that 98% of the treated volume receives, LR+ positive likelihood ratio, LR— negative likelihood ratio, AUC area under the

curve
! With the highest LR+
2 With the highest accuracy

activity per microsphere (20-70 vs. 4354 Bq per micro-
sphere). QuiremSpheres have an intermediate position in
terms of number of particles (20 millions), specific activity
(240-375 Bg/microsphere), and embolic effect [31]. As de-
scribed by Pasciak et al. [32], differences in microsphere-
number density may have an effect on microscopic tumor
absorbed dose inhomogeneity. Our study was carried out with
SIR-Spheres which present the highest number of particles
injected, and it seems that the results obtained in our study
may not be extrapolated to the other two types of micro-
spheres, with different absorbed dose distribution.

| NTL-v30 of 49% |

N

0.751
0.50

Sensitivity

0.251

0.00
0.00 0.25 0.50 0.75 1.00

1 - Specificity

Fig. 3 ROC, receiver operator characteristic; NTL-V30, percent of the
non-treated volume that receives at least 30 Gy; PPV, positive predictive
value; NPV, negative predictive value; AUC, area under the curve. ROC
curve with the highest accuracy to predict an increase in FLR to > 40%
with a cut-off 0f 49% of NTL-V30. This was performed with all patients.
The sensitivity, specificity, PPV, NPV, and accuracy were 78.57%,
69.23%, 89.19%, 50.00%, and 76.36% respectively. The AUC was 0.727
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It should be noted that all our patients were treated accord-
ing to the partition model, standard at our institution for lobar
and selective treatments [31], and none of them developed
REILD. This result supports the use of this multi-
compartment method as a safe method of activity planning.

Volume changes in our study are consistent with those
reported in the literature. In a systematic review of contralat-
eral hypertrophy after unilobar SIRT [12], contralateral liver
hypertrophy ranged from 26 to 47% in a period of time be-
tween 44 days and 9 months. In our series, the mean increase
in volume of the non-treated liver at T2 was 34%. Another
study [7] similarly found an increase in FLR of 36% at both 3—
6 and 6-9 months. In a previous report from our group, the
degree of hypertrophy was higher (45% at 26 weeks), proba-
bly due to the less frequent use of the partition model in earlier
times [13].

In our study, neither tumor size (as a continuous variable or
as smaller or larger than 100 ml) nor tumor dose (mean, max-
imum, or other DVH results) was significantly associated with
contralateral hypertrophy. The lower degree of hypertrophy
after left lobar SIRT compared to right or extended right lobar
SIRT, and among cirrhotic patients has been reported else-
where [9, 13], though these factors did not reach significance
in the present study. Clinical factors associated with hypertro-
phy were the presence of secondary tumors and prior
chemotherapy.

Hepatobiliary scintigraphy (HBS) is an emerging nuclear
imaging technique to quantitatively assess global and regional
liver function [33]. The main indication for HBS is to assess
the FLR function in patients scheduled to undergo hemi-hep-
atectomy, to predict the risk of post-hepatectomy liver failure,
particularly in patients with impaired liver function due to
cirrhosis or after chemotherapy [33]. In the work-up for
radioembolization, patients may be further screened by HBS
given that analysis of clinical and laboratory parameters may
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not be sufficient. HBS may improve patient selection and
treatment planning for radioembolization, in order to evaluate
if the liver function of the non-treated lobe is sufficient to
compensate for radiation damage in the treated part of the liver
[34]. Furthermore, it may be useful to assess how well the
magnitude of hypertrophy correlates with changes in liver
function after radioembolization. Larger studies should ex-
plain the numeric relation between the absorbed dose to the
functional liver parenchyma and the decline in liver function
after radioembolization [34].

A relevant observation is the failure to identify dosimetric
parameters related to liver atrophy. The initial assumption was
that a higher absorbed dose would result in a higher degree of
atrophy, but the results in this study do not support this hy-
pothesis. This surprising finding suggests that the distribution
of the radioactive beads or the different sensitivity of different
areas of the liver acinus may play a role [35], and certainly
deserves further research.

There are several limitations in this study. Firstly, it is a
retrospective study with a small sample size, which limits the
predictive power of the results. On the other hand, SIRT was
not always performed with the primary intention to hypertro-
phy the non-treated liver as a bridge to surgical resection, in
patients in whom a low FLR would limit the surgery.
Therefore, analyses were also performed according to the TO
FLR. Patients with lower FLR may benefit the most from a
sophisticated dosimetric study prior to SIRT, in order to tailor
the activity to administer for an expected dose to the tumoral
volume with intention to treat, and to the NTL volume, to
produce hypertrophy of the non-treated liver, along with an
increase in the FLR to 30-40% [36].

Conclusions

To our knowledge, this is the first study to investigate dosi-
metric parameters of °”Y PET/CT that may predict atrophy of
the treated liver segments and contralateral hypertrophy.
Variables related to the dose absorbed by the NTL (mean dose
and the fraction of the non-tumoral-treated volume exposed to
at least 30 Gy, V30) were significantly predictive of hypertro-
phy and increase in FLR, particularly among patients in whom
baseline FLR was < 30%. When half of NTL received >
30 Gy, FLR increased to > 40%, with higher accuracy among
patients with FLR <30% at TO. Hypertrophy and increase in
FLR were not significantly associated with any dosimetric
variables related to tumor dose or tumor size.
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