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ABSTRACT

Purpose: To identify predictive factors of tumor response, progression-free survival (PFS), overall survival (OS), and toxicity using
three-dimensional (3D) voxel-based dosimetry in patients with intermediate and advanced stage hepatocellular carcinoma (HCC) treated
by yttrium-90 (90Y) resin microspheres radioembolization (RE).

Materials and Methods: From February 2012 to December 2015, 45 °Y resin microspheres RE procedures were performed for
HCC (Barcelona Clinic Liver Cancer stage B/C; n = 15/30). Area under the dose-volume histograms (AUDVHs) were calculated from
3D voxel-based dosimetry to measure %Y dose deposition. Factors associated with tumor control (ie, complete/partial response or stable
disease on Modified Response Evaluation Criteria in Solid Tumors) at 6 months were investigated. PFS and OS analyses were performed
(Kaplan-Meier). Toxicity was assessed by occurrence of radioembolization-induced liver disease (REILD).

Results: Tumor control rate was 40.5% (17/42). Complete tumor targeting (odds ratio = 36.97; 95% confidence interval, 1.83—747,
P < .001) and AUDVHypor (0dds ratio = 1.027; 95% confidence interval, 1.002—1.071; P = .033) independently predicted tumor
control. AUDVHgmer > 61 Gy predicted tumor control with 76.5% sensitivity and 75% specificity. PFS and OS in patients with
incomplete tumor targeting were significantly shorter than in patients with complete tumor targeting (median PFS, 2.7 months [range,
0.8—4.6 months] vs 7.9 months [range, 2.1-39.5 months], P < .001; median OS, 4.5 months [range, 1.4—23 months] vs 19.2 months
[range, 2.1-46.9 months], P < .001). Patients with incomplete tumor targeting and AUDVHmor < 61 Gy, incomplete tumor targeting
and AUDVHyor > 61 Gy, complete tumor targeting and AUDVHyor < 61 Gy, and AUDVHmor > 61 Gy had median PFS of 2.7,
1.8, 6.3, and 12.1 months (P < .001). REILD (n = 4; 9.5%) was associated with higher dose delivered to normal liver (P = .04).

Conclusions: Complete tumor targeting and %Y dose to tumor are independent factors associated with tumor control and clinical outcomes.

ABBREVIATIONS

AUDVH = area under the dose-volume histogram, BSA = body surface area, DVH = dose-volume histogram, EBRT = external-beam
radiation therapy, HCC = hepatocellular carcinoma, OS = overall survival, PFS = progression-free survival, RE = radioembolization,
REILD = radioembolization-induced liver disease, 3D = three-dimensional, TPS = treatment planning system, V = volume,

90y — yttrium-90
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In daily practice, tumor response and clinical outcomes
following radioembolization (RE) of hepatocellular carci-
noma (HCC) can vary considerably, with excellent results in
certain patients and no benefit from treatment in others (1,2).
No survival benefit has been demonstrated so far in any
phase III trial (3,4). Thus, there is an urgent need to identify
predictive factors of efficacy to improve patient selection.
Although there are some differences between RE and
external-beam radiation therapy (EBRT), experience from
the latter could be used to improve RE. Evaluation of
dosimetry is central to EBRT and could be an attractive
approach to understanding the differences in outcome and
response following RE.

Two methods are recommended with RE using resin mi-
crospheres to calculate the activity to be injected (5): body
surface area (BSA) method and partition model method. The
former is semiempiric and considers only tumor and liver
volumes (extrapolated from BSA), whereas the latter is based
on medical internal radiation dose principles (6) and differ-
entiates 3 discrete vascular compartments—lungs, tumor,
and nontumoral liver parenchyma—and takes into account
the avidity of each for albumin macroaggregates. However,
the partition model method assumes that radiation is homo-
geneously distributed in each compartment, which actually is
not the case. More recently, treatment planning systems
(TPSs) have been applied to RE procedures. This approach,
which has been used for many years in EBRT, allows three-
dimensional (3D) dosimetry at the voxel level. A TPS can
provide dose-volume histograms (DVHs) that show and
measure the heterogeneity in the distribution of yttrium-90
(QOY) microspheres in the different compartments. This
type of dosimetric analysis could be helpful in the field of
RE. The aim of this study was to evaluate 3D voxel-based
dosimetry using TPS to identify the predictive factors of
tumor control, survival, and toxicity in patients with HCC
treated by Y resin microspheres.

MATERIALS AND METHODS

Patient and Tumor Characteristics

The institutional review board approved this study. Written
informed consent was obtained from all patients for treat-
ment and research. From February 2012 to December 2015,
all RE procedures using *°Y resin microspheres for unre-
sectable HCC performed in a single institution were
analyzed. During this period, 38 patients underwent 45 RE
procedures. Two thirds of the procedures (n = 31 of 45)
were part of a randomized phase III trial comparing RE and
sorafenib (3). Authorization for this ancillary study was
obtained from the protocol promoter. Criteria for inclusion
were Barcelona Clinic Liver Cancer stage C or Barcelona
Clinic Liver Cancer stage B refractory to chemo-
embolization (ie, no objective response of the treated
nodules after 2 sessions of chemoembolization), with pre-
served liver function (Child-Pugh status < B7), Eastern
Cooperative Oncology Group stage 0—1, and the absence of
significant extrahepatic disease [lung nodules < 1 cm and

lymph nodes < 2 cm were allowed as in the SARAH trial
protocol (3)]. Patient and tumor characteristics are presented
in Table 1.

Work-up Procedure

All procedures were performed by interventional radiolo-
gists with > 10 years of experience in interventional radi-
ology. The BSA method was used to calculate the required
dose in all but 1 patient, who had an optimized dose
calculation based on the partition model. More details are
available in Appendix A (available online on the article’s
Supplemental Material page at www.jvir.org) (5,7-11).

Treatment

In 84% (38 of 45) of cases, the same interventional radiol-
ogist performed both the work-up before treatment and the
treatment procedure. Procedures were lobar (n = 36),
segmental (n = 7), or whole-liver (n = 2) treatments. When
the tumor had invaded both lobes, treatment was performed
with segmental split injections during the same procedure
(n = 5) or sequential lobar treatments (n = 4).

3D Dosimetry on Positron Emission
Tomo%raphy/Computed Tomography

after %Y Injection

A positron emission tomography (PET)/computed tomog-
raphy (CT) scan was performed within 24 hours after
Ny injection (acquisitions of 2 bed positions, 40 minutes on
a Biograph PET/CT [Siemens Healthcare, Erlangen,
Germany]) of all procedures. Dosimetry at the voxel level
was retrospectively calculated in all patients using a TPS
(PLANET Dose; DOSIsoft, Cachan, France). A radiologist
with 5 years of experience in liver imaging who was not
involved in the treatment procedures manually segmented
the liver and tumors of all patients on the baseline CT scan
using the AW Workstation (GE Healthcare, Waukesha,
Wisconsin) for the purpose of the study. Baseline magnetic
resonance imaging (available in 40 of 45 treatments) and
imaging follow-up were also used to delineate tumors.

Y PET/CT images were co-recorded with baseline CT
scan images in the TPS by a medical physicist and analyzed
together with a nuclear medicine physician specializing
(4 years of experience) in RE. Necrosis as a result of
previous ablation or transarterial chemoembolization treat-
ments was subtracted from the tumor and liver volume (V)
so that only viable tumor and functional nontumoral
parenchyma were considered. Treated liver volume
(Virradiated liver) Was extracted from the TPS considering the
lowest relevant isodose curve.

The nontumoral volume within the treated liver volume
(Vhontumoral irradiated) Was obtained by subtracting tumor volume
(Viumor) from Vigadiated liver fOr toxicity assessment. DVHs of
each anatomically defined volume (Viymor and Viontumoral itra-
diated) Were obtained. Area under the dose-volume histogram
(AUDVHtumor and AUDVHuontumoral irradiated)s eXpressed in
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Table 1. Patient and Tumor Characteristics

Clinical Variable Value
Treatments, n 45
Patients, n 38
Age, y, median + SD 64 + 11
Sex, n (%)
Male 42 (0.93)
Female 3(0.07)

Underlying liver disease, n (%)

Alcohol 20 (0.44)
Hepatitis C 12 (0.27)
Hepatitis B 2 (0.04)
Hemochromatosis 2 (0.04)
Nonalcoholic steatohepatitis 6 (0.13)
Noncirrhotic 3 (0.07)
Child-Pugh score, n (%)
A5 27 (0.60)
A6 12 (0.27)
B7 6 (0.13)
Performance status/ECOG, n (%)
0 35 (0.78)
1 10 (0.22)
BCLC classification, n (%)
B 15 (0.33)
C 30 (0.67)

Tumor distribution, n (%)
Unifocal/multifocal 10/35 (0.22/0.78)
Unilateral/bilateral 19/26 (0.42/0.58)

Tumor phenotype, n (%)

Infiltrative 26 (0.58)

Focal/encapsulated 19 (0.42)
Tumor size, cm, mean (range) 5 (2.8-11.44)
Prior therapy, n (%)

Chemoembolization (transarterial 23 (0.51)

chemoembolization)

Resection/ablation 18 (0.40)

Sorafenib 2 (0.04)

Combined treatments 17 (0.38)

None 15 (0.33)
AFP, n (%)

< 200 ng/mL 36 (0.80)

> 200 ng/mL 9 (0.20)

Portal vein invasion

Yes/no 20/25 (0.44/0.56)
Main 8 (0.18)
Right branch 5(0.11)
Left branch 5(0.11)
Segmental 2 (0.04)

AFP = a-fetoprotein; BCLC = Barcelona Clinic Liver Cancer;
ECOG = Eastern Cooperative Oncology Group.

Gy, was calculated to measure the exposure of each tissue to
Y radiation (Fig 1la—d). More details are available in
Appendix A (available online on the article’s Supplemental
Material page at www.jvir.org) (5,7-11).

Endpoints

Complete Tumor Targeting. Complete tumor targeting
was defined as when 100% of Viymor was included in the
90Y—perfused volume (Vigadiated liver) (Fig 1a—d). Four cases
of bilateral HCC were treated by 2 separate injections over
an interval of 2-4 months. Targeting was considered to be
complete when 100% of Vymor Was treated after both
injections.

Tumor Control. All patients underwent a clinical exam-
ination and follow-up imaging with multiphasic CT scan 1,
3, and 6 months after treatment. Tumor control (complete/
partial response or stable disease) was assessed on
Modified Response Evaluation Criteria in Solid Tumors
(12) after 6 months owing to the initially inflammatory
changes and the well-known delayed response following
RE (13). In patients who died within 6 months after
treatment (n = 13), the most recent available examination
was considered (median 2.5 months; range, 1-3 months).
The evaluation was performed independently and blindly
to clinical and follow-up data by two radiologists (5 and
6 years of experience in liver imaging). Any discordant
case was reanalyzed until a consensus was reached. In the
4 cases with bilateral HCC, the response at 6 months to
the first treatment was evaluated in the first treated part of
the liver only. The response to the second treatment at
6 months was evaluated in the whole liver.

Progression-Free Survival. Progression-free survival
(PFS) was defined as the time of the treatment procedure
(the first one if repeated treatments) to disease progression
or death.

Overall Survival. Overall survival (OS) was defined as
the time of the treatment procedure (the first one if repeated
treatments) to death (by any cause).

Toxicity. Clinical and biologic data were retrospectively
collected at baseline and at 1-month intervals following
treatment for up to 3 months. Liver toxicity was assessed
clinically (ascites, esophageal varices, hemorrhage, hepatic
encephalopathy) and biologically: albumin, total bilirubin,
creatinine, international normalized ratio, and Child-Pugh
and Model for End-stage Liver Disease scores were
calculated. Liver toxicity was documented according to
Common Terminology Criteria for Adverse Events v4.0
criteria (14). Suspected toxicity was considered to be
present in the absence of progressive hepatic disease.
Radioembolization-induced liver disease (REILD) was
defined according to the definition by Sangro et al (15)
(Table 2).

Statistical Analysis

First, mean AUDVHy,; in patients with tumor control was
compared with mean AUDVHyo in patients with
progressive disease using the Mann-Whitney test. Then,
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Figure 1. Example of TPS post-processing to obtain 3D voxel-based dosimetry and corresponding DVHs. (a) Baseline CT scan with
manual segmentation of tumor (red), portal vein invasion (purple), and liver (yellow). We subtracted necrosis owing to previous ablation
(blue). (b) °°Y PET/CT imaging. (c) Screenshot of 3D voxel-based dosimetry with isodose curves on TPS (complete tumor targeting). (d)
DVHs for tumor (red), portal vein invasion (purple), nontumoral irradiated liver (orange), and whole liver (yellow).

univariate and multivariate logistic regression were per-
formed to compute corresponding odds ratios with 95%
confidence intervals. Log-linearity was checked using frac-
tional polynomials. Second, the dose-response relationship
was determined using a nonlinear regression model (9).
Several theoretical models were evaluated, including
log-logistic with 4 or 5 parameters, Gompertz with 3 or 4
parameters, and exponential with 2 or 3 parameters. A model
using fractional polynomials was also evaluated. The models
were compared using residual variance Akaike information
criterion. The most parsimonious model was adopted for
these criteria. Receiver operating characteristic analysis was
then performed to identify the optimal cutoff (defined by the
Youden index) of AUDVH to predict tumor control. Finally,
survival curves were estimated using the Kaplan-Meier
method and compared using the log-rank test. All analyses
were performed using Stata 14 (StataCorp LP, College Sta-
tion, Texas) and R software (R Foundation for Statistical
Computing, Vienna, Austria). P < .05 was considered to be
significant. More details regarding statistical methodology
are presented Appendix A (available online on the article’s
Supplemental Material page at www.jvir.org).

RESULTS

For dosimetric and survival analysis, 42 procedures in 37
patients were considered (Fig 2). More details are available
in Appendix A (5,7-11) and Figures E2-E4 (available
online on the article’s Supplemental Material page at
WWW.JVIF.org).

Table 2. REILD Criteria as Defined by Sangro et al (15)

4-8 weeks after treatment

Jaundice and ascites

Total bilirubin > 3 mg/dL or > 50 umol/L
Elevation of GGT or ALP

No significant modification on AST/ALT
No tumor progression

No biliary obstruction

ALT = alanine aminotransferase; ALP = alkaline phosphatase;
AST = aspartate aminotransferase; GGT = y-glutamyl-
transferase; REILD = radioembolization-induced liver disease.

Complete Tumor Targeting, Tumor
Control, and Tumor Dose
Complete targeting was obtained in 60% of cases (n = 25 of
42). All patients with incomplete targeting had disease
progression within 6 months. Incomplete targeting (n = 17
of 42) was explained by the following: (a) very limited
contralateral disease (ie, representing < 5% of total tumor
volume) that was not treated to limit radiation exposure in
the nontumoral liver (n = 16 of 17); (b) too selective
treatment (n = 1 of 17) that did not fully cover all HCC
nodules. An example of incomplete targeting is illustrated in
Figure Ela—-c (available online on the article’s
Supplemental Material page at www.jvir.org).

The 6-month tumor control rate was 40.5% (n = 17 of
42), including 1 patient with complete response, 12 patients
with partial response, and 4 patients with stable disecase
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Figure 2. Flow chart showing complete targeting and tumor response. CR = complete response; PD = progressive disease; PR = partial

response; SD = stable disease.

(Fig 2). Patient and tumor characteristics did not differ
between the tumor control and the progressive disease
group (Table 3).

The median administered activity calculated using the
standard BSA method was 1.16 GBq (range, 0.29-2.11
GBq). The activity injected for the patient according to the
partition model was 2.59 GBq. Mean dose deposition in all
tumors in patients, represented by AUDVH o1, Was 64 Gy
+ 39. If only completely targeted patients were considered,
the mean AUDVH o Was significantly higher in the tumor
control than in the progressive disease group (92 Gy + 44 vs
43 Gy = 18, P = .0052). Individual and model DVHs
according to tumor control are presented in Figure 3a, b.
Model DVHs significantly differed in the progressive
disease vs tumor control groups (P = .01).

Complete tumor targeting and AUDVHymor Were signif-
icantly associated with tumor control on univariate logistic
regression analysis, in contrast to age, sex, Child-Pugh sta-
tus, Barcelona Clinic Liver Cancer stage, o-fetoprotein,
multifocality, Eastern Cooperative Oncology Group status,
prior therapy, and portal vein invasion. On multivariate
analysis, both complete tumor targeting and AUDVHyor
independently predicted tumor control (Table 4). The area
under the receiver operating characteristic curve of
AUDVHor for predicting tumor control was 0.853 (95%
confidence interval, 0.696—1). The optimal AUDVH cutoff
was 61 Gy resulting in 76.47% sensitivity and 75%
specificity for predicting tumor control (Fig E2 [available
online on the article’s Supplemental Material page at www.

Jjvir.org)).

Survival Analysis

Median OS and PFS for the whole population was 10.2
months and 3.1 months, respectively. PFS and OS in patients
with incomplete tumor targeting was significantly shorter

(median PFS 2.7 months [range, 0.8—4.6 months] and median
OS 4.5 months [range, 1.4-23 months]) than in patients
with complete tumor targeting (median PFS 7.9 months
[range, 2.1-39.5 months] and median OS 19.2 months
[range, 2.1-46.9 months]) (P < .001 and P < .001 respec-
tively) (Fig 4a—c). PFS and OS were significantly longer in
patients with tumor control (median PFS 12.1 months vs 3
months, P < .001; median OS 24 months vs 6.5 months,
P = .002) than in patients without tumor control. Patients
with incomplete tumor targeting and AUDVHp,or < 61
Gy, incomplete tumor targeting and AUDVHor > 61 Gy,
complete tumor targeting and AUDVHymor < 61 Gy, and
complete tumor targeting and AUDVHymor > 61 Gy had
median PFS of 2.7 months, 1.8 months, 6.3 months, and
12.1 months (P < .001) (Fig 4a—c).

Toxicity

Symptoms including fatigue, nausea, and abdominal pain
were not examined in this study. No radiation pneumonitis
was observed. One case of arterial spasm with gastroduo-
denal artery reflux occurred leading to duodenal radiation
exposure observed on *°Y PET/CT (calculated duodenal
dose = 25.3 Gy). The patient presented 1 month after
treatment with acute epigastric pain and anorexia owing to a
large duodenal bulb ulcer (Forrest III) that was treated
medically by high-dose proton pump inhibitors and eradi-
cation of Helicobacter pylori. Full symptomatic and endo-
scopic recovery occurred 8 months later.

Liver decompensation owing to RE (considering grade 3
or higher toxicity in tumor-controlled patients) occurred in 5
patients (11.9% of all treatments) (Fig E4 [available online
on the article’s Supplemental Material page at www.jvir
org)). Four patients responded to REILD criteria (9.5% of
all treatments), and 1 patient had biliary obstruction. All
patients died within 4 months after treatment.
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Table 3. Patient Characteristics according to Tumor Control

(CR+PR+SD) and Progressive Disease

Characteristic CR+PR+SD PD P
Value
Number (%) 17 (40) 25 (60)
Age, y, median + SD 67.5 + 8 61.2 +12 .09
Sex, n (%) .64
Male 16 (94) 23 (92)
Female 1(6) 2(8)
Underlying liver disease,
n (%)
Alcohol 7 (41) 10 (40) 1
Hepatitis C 4 (24) 8 (32) 1
Hepatitis B 2(12) 0 (0) 1
Hemochromatosis 2 (12) 0 (0) 1
Nonalcoholic 1(6) 5 (20) .37
steatohepatitis
Noncirrhotic 1(6) 2 (8) 1
Child-Pugh score, n (%)
A5 13 (76) 12 (48) 11
A6 4 (24) 8 (32) .73
B7 0 (0) 5 (20) .07
Performance status/ 1
ECOG, n (%)
0 13 (76) 18 (72)
1 4 (24) 7 (28)
BCLC classification, .33
n (%)
B 8 (47) 7 (28)
C 9 (53) 18 (72)
Tumor distribution,
n (%)

6 (35)/11 (65) 3(12)/22 (88) .12
10 (59)/7 (41) 7 (28)118 (72) .06

Unifocal/multifocal
Unilateral/bilateral
Prior therapy, n (%)

Chemoembolization 12 (71) 10 (40) .07
(transarterial
chemoembolization)
Resection/ablation 9 (53) 6 (24) A
Sorafenib 0 (0) 2 (8) .51
Combined treatments 7 (41) 6 (24) .31
None 2(12) 13 (52) .01
Portal vein invasion,
n (%)
Yes/no 7 (41)/10 (59) 11 (44)/14 (56) 1
Main 2(12) 6 (24)
Right branch 2(12) 2 (8)
Left branch 1(6) 3(12)
Segmental 2 (12) 0 (0)
BCLC = Barcelona Clinic Liver Cancer; CR = complete
response; ECOG = Eastern Cooperative Oncology Group; PD =
progressive disease; PR = partial response; SD = stable
disease.

Patients with REILD criteria received a mean dose of 78.9
Gy in the nontumoral irradiated liver (AUDVHontumoral irra-
diated) (Table 5), which was significantly greater than the
mean dose in patients without REILD criteria (53.8 Gy;

P = .04). There was no significant difference in the mean
volume of nontumoral irradiated liver or in the percentage
of irradiated liver parenchyma. Patients with REILD criteria
had higher baseline bilirubin levels than patients without
(mean 1.73 mg/dL and 1.12 mg/dL, respectively; P =.04).

DISCUSSION

This study confirms the importance of tumor targeting when
performing RE. Tumor targeting may be incomplete for
many reasons, such as difficult catheterization, presence of an
extrahepatic feeder, safety considerations to spare the non-
tumoral liver, and poor patient selection. Cone-beam CT or
CT angiography can be of great help as they are during
transarterial chemoembolization by providing precise arterial
mapping and identifying extrahepatic feeders (16). Although
tumor response was recently suggested as a valid endpoint
(17), RE has been considered to be only palliative treatment
so far. For palliative treatments, tumor control (with a pre-
served quality of life) remains the main goal (18). For these
reasons, tumor control was chosen as the main endpoint.

The second independent criterion predicting tumor control
was the dose delivered to the tumor. Many retrospective
studies, which have been clearly summarized in a review by
Cremonesi et al (19), showed a good correlation between the
mean absorbed dose in the tumor and the response to RE. The
dose threshold to predict tumor control was 61 Gy for
AUDVH with a specificity and sensitivity of 75%. This is
difficult to compare with other studies because of different
dose calculation methods or different endpoints. For
example, in a similar population (n = 73 patients), Strigari
etal (20) used Ny bremsstrahlung imaging to calculate mean
tumor dose and showed that a 110-Gy threshold led to
objective response in 74% of patients. All patients in the
present study underwent imaging after treatment with PET/
CT, which provides higher spatial resolution and more
accurate quantitative data than Ny bremsstrahlung single
photon emission computed tomography (SPECT) imaging
(21). Imaging and quantification after %Y treatment is an
exceptional situation in radio-oncology, as, in contrast to
EBRT, it gives an overview of the dose deposition in tissue
and allows a direct evaluation of dose effect.

Many authors more recently have focused on evaluation
of DVHs. In contrast to the partition model, which incor-
rectly assumes that there is a uniform dose distribution,
DVH analysis takes into account the heterogeneous depo-
sition of 2’y microspheres (22). Kao et al (23) introduced
the notion of D70 (the minimum absorbed dose delivered to
70% of the tumor), which is already used in EBRT, and
V100 (the percentage of the tumor volume receiving > 100
Gy). Based on a very small cohort (n = 7 patients with
HCC), they found that a complete response was generally
obtained when D70 was > 100 Gy. In a small cohort of 26
patients, Fowler et al (24) presented a DVH graph that was
similar to ours in both primary and secondary liver tumors
with Y PET/magnetic resonance imaging 3D dosimetry.
This study analyzed only the mean dose and D70 and found
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Figure 3. (a) DVHs of all 25 patients with complete targeting. (b) Model DVHs of tumor control vs progressive group (P =.01). CR =
complete response; PD = progressive disease; PR = partial response; SD = stable disease.

Table 4. Univariate and Multivariate Analysis of Tumor Control

Univariate P Value Multivariate P Value
OR 95% ClI OR 95% ClI
Age 1.069 0.993-1.152 .078
Complete targeting 60.790 3.01-1227.16 < .001* 36.97 1.83-747.6 < .001*
AUDVHymor 1.043 1.017-1.083 .008* 1.027 1.002-1.071 .0325*
Sex 1.391 0.116-16.677 794
Child (B vs A) 0.25 0.158-2.426 232
AFP (> 200 ng/mL vs < 200 ng/mL) 0.71 0.32-2.182 118
Multifocal/unifocal 0.25 0.051-1.217 .086
Portal vein invasion 0.694 0.195-2.472 .573
Prior treatment 3.67 0.823-16.332 .088
BCLC (C vs B) 0.72 0.23-2.387 .489
ECOG (1 vs 0) 0.58 0.168-1.87 .399

AFP = a-fetoprotein; AUDVH = area under the dose-volume histogram; BCLC = Barcelona Clinic Liver Cancer; Cl = confidence interval;
ECOG = Eastern Cooperative Oncology Group; OR = odds ratio.
*Statistically significant.

that responders significantly differed from nonresponders used mean dose, which does not take into account the
except for patients with HCC given the small population heterogeneity of dose deposition. Of 42 cases, 3 were
size. AUDVH mathematically provides a better reflection of identified with poor agreement between AUDVH and the
the actual dose received by the tumor than the commonly mean dose (overestimation by 200% using the mean dose).
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Figure 4. Kaplan-Meier estimates. (a) PFS in patients with complete vs incomplete tumor targeting (P < .001). (b) OS in patients with
complete vs incomplete tumor targeting (P = .001). (¢) PFS in patients depending on tumor targeting and a 61-Gy cutoff for AUDVHmor

(P < .001).

Because of the importance of complete targeting and
tumor dose, special attention must be paid to toxicity.
REILD is the critical level of toxicity in RE that results in
severe and sometimes fatal consequences (15). Because
most HCCs occur in patients with cirrhosis, it is difficult to
determine whether liver decompensation is due to natural
worsening of underlying liver function, disease progression,
or treatment. Any adverse events that occurred within
3 months after treatment in the absence of tumor progression
were considered to be treatment-related adverse events (25).
Liver decompensation was defined as grade 3 or greater
toxicity in Common Terminology Criteria for Adverse
Events, resulting in a rate of toxicity of 11.9% (n = 5 of 42),
which is close to the 8.5% reported by Garin et al (25) (n =
6 of 71) using the same definition. REILD occurred in 9.5%
of patients (n = 4 of 42) in the present study, which is higher
than the reported incidence rate of 0%—4% in large RE
cohorts with mixed tumor types (15). However, if only HCC
occurring in cirrhotic patients is considered, REILD was
reported at a similar rate as in our study in the study by
Gil-Alzugaray et al (26) (9.3% in 260 patients with
comparable characteristics).

Normally, REILD should be related to both the percent-
age of treated liver and the dose delivered to the nontumoral
liver. Although no difference was observed in nontumoral
treated volumes, there was a higher dose deposition in the
nontumoral liver in patients with REILD compared with
others (P =.04). The dose in the nontumoral liver was > 58
Gy in all patients with REILD. In EBRT (27), 55 Gy is the
limit for one third of total liver irradiation (which is

Table 5. REILD versus No REILD Dose and Volume in

Nontumoral Irradiated Liver

Disease Controlled No REILD REILD P Value

Number 14 4

AUDVH nontumoral irradiated, 53.84 78.91 .04
Gy, mean

Volume nontumoral irradiated, 484 441 NS
cm?, mean

Volume non tumoral irradiated, 32 30 NS
%, mean

AUDVH = area under the dose-volume histogram; NS = not
significant; REILD = radioembolization-induced liver disease.

comparable to RE in the left lobe) and 45 Gy for two thirds
of the total liver (approximately equal to the right lobe) with
a 50% probability of significant liver toxicity. In a previous
study evaluating RE with resin microspheres for HCC, a
dose > 52 Gy was associated with a 50% probability of
complications based on the linear-quadratic radiobiologic
model (20).

This study has several limitations, including its retro-
spective design and its low number of patients. Also, eval-
uation of Modified Response Evaluation Criteria in Solid
Tumors may be difficult because of inflammatory response,
ill-defined boundaries in infiltrative disease, and previously
treated HCC with necrotic areas. This is the reason tumor
control, which is easier to define, was chosen as the main
endpoint. Heterogeneous dose calculation methodology was
used, as all patients except 1 were treated based on BSA
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method. Additionally, the BSA method may result in
underdosing tumors, as previously demonstrated (28,29).
Finally, this study focused only on the delivered dose based
on *°Y PET/CT. Although this makes it possible to evaluate
actual delivered doses, dose prediction based on macroag-
gregated albumin SPECT results is crucial. However, the
ability of macroaggregated albumin SPECT to actually
predict the delivered dose is still a subject of debate in the
literature (30).

In conclusion, complete tumor targeting and 3D voxel-
based tumor dose represented by AUDVHy,, are inde-
pendent factors associated with tumor control and clinical
outcomes. Data collection regarding both complete targeting
and tumor dose should be encouraged in OY RE studies to
validate these potential predictive factors.
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APPENDIX A. MATERIALS AND
METHODS

Work-up Procedure

All patients underwent arteriography before treatment
(work-up) to prepare and simulate the °°Y injection that was
performed 1-2 weeks later during the treatment procedure.
The same interventional radiologist who performed the
work-up performed the treatment procedure in 84% of cases
(n = 38 of 45). The operators used the same catheter,
microcatheters, and position of injection during both work-
up and treatment procedures except in 3 cases (an additional
embolization was needed in 1 case, and a better injection
position was found during treatment in 2 cases). All
procedures (whole-liver treatments) were lobar or segmental
treatments except 2. When the tumor had invaded both
lobes, treatment was performed with split injections during
the same procedure (n = 5) or sequential lobar treatments
(n = 4).

Whole-body planar scintigraphy and hepatic SPECT/CT
(Infinia Hawkeye 4; GE Healthcare) were performed within
1 hour after the technetium-99m macroaggregated albumin
injection to calculate lung shunt fraction, exclude any
extrahepatic deposition, and estimate intrahepatic radio-
pharmaceutical distribution. The BSA method was used to
calculate the required dose as follows: Activity (GBq) =
[BSA — 0.2) + (Viumor lobe/ Viobe)] X (Vlobe/ Viiver), with
BSA (m%) = 0.20247 x height®’*(m) x weight”**(kg),
and according to volumes of tumor in the treated lobe
(Viumor) and treated lobe (Viope) and total liver (Viiver). RE
was contraindicated if the liver-to-lung shunt would result in
> 25 Gy to the lungs (5). The activity calculation for
repeated treatments was based on the same method with no
dose reductions.

3D Dosimetry on PET/CT after 90y
Injection

A PET/CT scan was performed within 24 hours after Ny
injection (acquisitions of 2 bed positions, 40 minutes on a
Biograph PET/CT) of all procedures. The delay between *°Y
RE and PET/CT was entered in the TPS for each treatment to
consider *°Y radiation decay. The PET reconstruction
parameters used for RE dosimetry were 3D ordered-subset
expectation maximization reconstruction algorithm with
point spread function compensation, attenuation correction,
Gaussian filter, 1 iteration/8 subsets, 128 x 128 matrix, and
voxel size of 5.3 x 5.3 x 3.4 mm. Tumors < 1 cm were not
considered for dose assessment because of partial volume
effects in PET/CT imaging. 3D dosimetry was calculated in
each case using a kernel convolution algorithm at a voxel
level, based on the medical internal radiation dose formalism
detailed in the Pamphlet No. 17 (7,8).

Statistical Analysis
Categorical variables were described by percentage.
Continuous variables were expressed as mean + SD or

median (range). Group comparisons were made using Fisher
exact test for categorical variables and a 2-sided ¢ test or
Kruskal-Wallis test as appropriate for continuous variables.
Survival curves were estimated using the Kaplan-Meier
method and compared using log-rank tests.

First, we compared mean AUDVHy,,, in patients with
tumor control versus progressive disease using the Mann-
Whitney test. Then, univariate and multivariate logistic
regression were performed to compute corresponding odds
ratios (with 95% confidence intervals). Log linearity was
checked using fractional polynomials. Second, the dose-
response relationship was determined using a nonlinear
regression model (9). Several theoretical models were
evaluated, including log-logistic with 4 or 5 parameters,
Gompertz with 3 or 4 parameters, and exponential with 2 or
3 parameters. A model using fractional polynomials was
also evaluated. The models were compared using residual
variance Akaike information criterion. The most parsimo-
nious model was adopted for these criteria. Third, Pearson
correlation coefficient (and 95%confidence interval) was
calculated between AUDVHymor — pvi and AUDVHpyy.
Agreement was estimated using the 95% limit-of-agreement
method developed by Bland and Altman (10). We also
determined Lin’s concordance coefficient correlation (pc)
(11), which combines the measurements of precision and
accuracy to determine whether the observed data deviate
significantly from the line of perfect concordance (ie, the
45° line). Receiver operating characteristic analysis was
performed to identify the optimal cutoff (defined by the
Youden index) of AUDVH to predict tumor control. Finally,
survival curves were estimated using the Kaplan-Meier
method and compared using the log-rank test. All analyses
were performed using Stata 14 and R software. P < .05 was
considered to be significant.

RESULTS

Two procedures were excluded because 1 patient underwent
liver transplantation 2 weeks after treatment making it
impossible to perform response and toxicity evaluations,
and 1 patient had 2 repeated injections in the same lobe.
Another patient had a large HCC on the Cantlie line that was
vascularized from both the right and the left hepatic arteries.
This was treated by 2 separate injections over a 2-month
interval. No significant overlap of the 2 injections was
identified on *°Y PET, and complete tumor targeting was
obtained, so we analyzed both injections as a single treat-
ment based on fusion of the 2 *°Y PET/CT acquisitions.
Tumor recurrence occurred in the nontreated liver of 2
patients 9 and 14 months after the first treatment, respec-
tively. Each treatment was considered independently as if it
had been for different patients. Consequently, 42 procedures
were considered for dosimetric analysis, and 37 patients
were considered for survival analysis. None of the patients
received sorafenib or any targeted therapy or immuno-
therapy during the selective internal radiation therapy
procedure.



Volume ® ®m Number m ® Month m 2018

9.e2

Dose to Portal Vein Invasion

Portal vein invasion (PVI) was segmented from the main
portal vein to the sectorial portal branches before segmental
bifurcations. Thus, the 3 volumes (Viiver, Viumor, and Vpyy)
were imported into the TPS. Vymor — pvi represented the
tumor volume without venous invasion and was obtained by
subtracting Vpyy from Ve DVHs of each anatomically
defined volume (Vwmor Vpvi, and their subtraction

Vimor — pvi) were obtained. AUDVHs (AUDVHymor,
AUDVHpy, AUDVHymor — pvi), expressed in Gy, were
calculated to measure the exposure of each tissue to PY ra-
diation. Dose delivered to PVI (AUDVHpy;) and dose
delivered to the tumor (AUDVHymor — py1) were both highly
correlated (r=0.82; P <.001) and concordant (pc = 0.802; P
< .001) (Fig E3). On Bland-Altman analysis, 93.75% (15 of
16) of points were within the limits of agreement.



9.e3 m 3D Voxel-Based Dosimetry in °°Y Resin Microspheres RE

Allimant et al m JVIR

Figure E1. Example of incomplete targeting (limited contralateral disease). (a) Baseline CT scan with infiltrative HCC in the right lobe
with right portal vein invasion and a small HCC nodule in the left lobe (arrow). (b) °°Y PET/CT performed after RE in the right liver lobe
shows good targeting of both infiltrative HCC and right portal vein invasion. (¢) Magnetic resonance imaging performed 6 months after
RE shows partial response in the right lobe but great progression of HCC in the left lobe.
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Figure E2. Receiver operating characteristic analysis for
AUDVH to predict tumor control. ROC = receiver operating
characteristic.
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Figure E3. Correlation between the dose delivered to portal
vein invasion (AUDVHpy,) vs the tumor (AUDVHiymor — pwi)
(r=10.82; P < .001).
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Figure E4. Flow chart showing Common Terminology Criteria for Adverse Events v4.0 grading of patients with tumor controlled and
REILD. G = grade.
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