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Abstract

Purpose To define a threshold radiation dose to non-tu-
moral liver from °°Y radioembolization that results in
hepatic toxicity using pair-production PET.

Materials and Methods This prospective single-arm study
enrolled 35 patients undergoing radioembolization. A total
of 34 patients (27 with HCC and 7 with liver metastases)
were included in the final analysis. Of 27 patients with
underlying cirrhosis, 22 and 5 patients were Child—Pugh A
and B, respectively. Glass and resin microspheres were
used in 32 (94%) and 2 (6%) patients, respectively. Lobar
and segmental treatment was done in 26 (76%) and 8
(24%) patients, respectively. Volumetric analysis was
performed on post-radioembolization time-of-flight PET
imaging to determine non-tumoral parenchymal dose.
Hepatic toxicity was evaluated up to 120 days post-treat-
ment, with CTCAE grade < 1 compared to grade > 2.
Results The median dose delivered to the non-tumoral
liver in the treated lobe was 49 Gy (range 0-133). A total
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of 15 patients had grade < 1 hepatic toxicity, and 19
patients had grade > 2 toxicity. Patients with a grade > 2
change in composite toxicity (70.7 vs. 43.8 Gy), bilirubin
(74.1 vs. 43.3 Gy), albumin (84.2 vs. 43.8 Gy), and AST
(94.5 vs. 47.1 Gy) have significantly higher non-tumoral
parenchymal doses than those with grade < 1. Liver
parenchymal dose and Child—Pugh status predicted grade
> 2 toxicity, observed above a dose threshold of 54 Gy.
Conclusion Increasing delivered *°Y dose to non-tumoral
liver measured by internal pair-production PET correlates
with post-treatment hepatic toxicity. The likelihood of
toxicity exceeds 50% at a dose threshold of 54 Gy.
ClinicalTrials.gov identifier: NCT02848638.

Keywords Radioembolization - Yttrium-90 - PET -
Hepatocellular carcinoma - Dosimetry

Introduction

Yttrium-90 (°°Y) radioembolization allows delivery of
high radiation doses to hypervascular tumors compared to
surrounding liver parenchyma, due to preferential uptake of
microspheres by tumors [1]. Multiple studies suggest a
tumor dose—response relationship to °°Y radioemboliza-
tion, with longer progression-free and overall survival
when hepatic tumors receive increasing doses [2, 3].
However, increasing delivered radiation dose may also
results in excessive radiation to the non-tumoral hepatic
parenchyma and increased rates of liver toxicity [4] and
can result in a range of sequela from transient effects such
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as elevation in AST/ALT and hyperbilirubinemia to
ascites, irreversible fibrosis and liver failure [1, 5, 6]. A
wide range of acceptable radiation dose limits from 30 to
390 Gy to the non-tumoral liver parenchyma has been
proposed before permanent damage occurs [7—-11].

The ideal radioembolization dose maximizes treatment
effectiveness and minimizes toxicity. However, treatment
planning is further complicated by the difficulty in mea-
suring the actual delivered 20y radiation dose [12]. Current
dose calculations do not account for variations in tumor
hypervascularity, preferential uptake by tumor versus the
normal liver, non-uniform particle distribution, diminished
vasculature from prior treatment, or arterioportal shunting.

Post-treatment °°Y internal pair-production positron-
emission tomography (PET) imaging is a recent dose
quantification technique with higher accuracy and spatial
resolution than pre-treatment *™Tc-MAA SPECT and
post-treatment Ny bremsstrahlung SPECT [13, 14]. This
technique allows the actual non-tumoral parenchymal dose
to be measured.

The purpose of this study is to evaluate the use of *°Y
PET dosimetry to quantify the radiation dose in non-tu-
moral liver after radioembolization and identify a dose
threshold for treatment-related liver toxicity.

Materials and Methods
Patient Selection

A prospective single-arm observational study was per-
formed at a single academic hospital with institutional
review board approval. Eligible patients were identified
among those referred from the institution’s multidisci-
plinary liver tumor board from 2012 to 2014 for *°Y
radioembolization to treat unresectable hepatocellular car-
cinoma (HCC) or non-HCC intrahepatic malignancies.
Patients who qualified for surgical resection, thermal
ablation, or expected liver transplantation within 3 months
were excluded. Patients who are not candidates for these
treatments due to portal hypertension, comorbidities and
surgical risk, tumor size > 3 c¢cm or tumor proximity to the
portal vein were then referred for radioembolization.
Patients selected met the following inclusion criteria:
Barcelona Clinic Liver Cancer (BCLC) stage A—-C hepa-
tocellular carcinoma, Eastern Cooperative Oncology Group
(ECOG) performance score of 0-2, and liver function
compatible with treatment (non-cirrhotic, or cirrhosis with
Childs-Pugh A or B). Patients with secondary liver
malignancies have unresectable liver-dominant metastatic
disease and failed standard chemotherapy before being
referred for °°Y locoregional control. Patients with prior
liver radioembolization or transarterial chemoembolization
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were also excluded. Systemic chemotherapy was stopped at
least 4 weeks prior to radioembolization; chemotherapy
may resume | month after treatment. Informed consent
was obtained from each patient at the time of screening.
Institutional HIPAA practices were employed.

During the study period, a total of 210 patients under-
went radioembolization, from which 35 patients were
enrolled in the study. The most common causes for not
enrolling in the study were prior radioembolization or
chemoembolization, lack of PET scanner availability on
day of *°Y treatment, and patient refusal for post-treatment
transportation to a separate medical center for PET imag-
ing. One patient in the enrolled cohort was excluded from
analysis due to technical reasons on the post-treatment PET
imaging that prevented dosimetry calculation. Of the 34
remaining patients, 27 patients (79%) had HCC and 7
patients (21%) had non-HCC malignancies.

Baseline patient demographics for the 34 subjects are
shown in Table 1, which represents 52 treated tumors (38
HCC and 14 non-HCC, with 9 colorectal carcinoma, 1
cholangiocarcinoma, 3 mucoepidermoid carcinoma, and 1

Table 1 Baseline patient demographics

Number of patients 34

61.0 years [45.6-79.0 years]
26/34 (76%)

24/34 (71%)

8/34 (29%)

5.5 cm [2.8-17.9 cm]

Age at treatment, median [range]
% Male
ECOG status 0
ECOG status > 1
Tumor diameter, median [range]
Hepatocellular carcinoma (n = 27)
Degree of cirrhosis and staging
Childs—Pugh A
Childs—Pugh B
BCLC stage A
BCLC stage B
BCLC stage C
Multifocal disease

22/27 (81%)
5/27 (19%)
7127 (26%)
7127 (26%)
13/27 (48%)
12/27 (44%)
Portal vein invasion
None 14/27 (52%)
11727 (41%)

2127 (1%)

Segmental or lobar
Main portal

Tumor burden, % of liver volume

1-25% 19/27 (70%)
25-50% 8/27 (30%)
Hepatic metastases (n = 7)

Colorectal cancer 3/7 (43%)
Cholangiocarcinoma 1/7 (14%)
Neuroendocrine 1/7 (14%)
Ocular melanoma 1/7 (14%)
Mucoepidermoid carcinoma 1/7 (14%)
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ocular melanoma). 18 patients (53%) had multifocal dis-
ease. Patients with non-HCC malignancies had bilobar
disease with less than 25% total liver involvement but no
prior history of liver disease; their liver function tests were
all normal prior to radioembolization. All 27 HCC patients
had a diagnosis of cirrhosis by imaging; the predominant
risk factors for cirrhosis were HBV/HCV infection in 22
patients (81%) and alcohol use in 8 patients (30%). Among
the 27 HCC patients, 22 (81%) and 5 (19%) were Child—
Pugh class A and B, respectively. Pre-treatment liver
dysfunction was characterized with labs obtained the
morning of treatment, with 6 (22%) having baseline grade
2 hypoalbuminemia (2.0-2.9 g/dL), 1 (4%) with grade 2
hyperbilirubinemia (2.0-3.9 g/dL), 1 (4%) with grade 2
(120-200 uw/L) and 3 (11%) with grade 3 (200-800 u/L)
abnormal AST, 4 (15%) with grade 2 (144-240 u/L)
abnormal ALT, and 2 (7%) grade 2 (2.0-3.0 k/mL) and 1
(4%) grade 3 (1.0-2.0 k/mL) leukopenia. Eighteen of the
27 (67%) of the HCC patients had tumor burden of less
than 25% of the total liver volume, and the remainder had
tumor involving 26-50% of the total liver volume.

Radioembolization

Baseline contrast-enhanced CT or MR liver imaging was
performed within 30 days of the mapping angiogram.
Radioembolization was performed according to standard
practice [15, 16], including a mapping angiogram and lung
shunt fraction determination. Pre-treatment coil emboliza-
tion of extrahepatic arteries was performed at the discretion
of the interventional radiologist.

The decision to use glass (TheraSphere, BTG, Ottawa,
Canada) or resin (SirSphere, Sirtex, Australia) °0Y micro-
spheres was based on the interventional radiologist’s
preference. For glass microspheres, dosimetry was based
on the MIRD model with a target dose of 120 Gy for lobar
treatments, and higher doses were permitted for segmental
treatments [17]. For resin microsphere activity calcula-
tions, a body-surface area calculation was used, according
to the manufacturer’s instructions. °°Y treatment was then
performed at a median of 12 days (range 3-28 days) after
the mapping angiogram by one of four board-certified
Interventional Radiologists with 3—11 years of experience.
No treatment was repeated during the follow-up period.

Post-treatment Evaluation

Following treatment, a time-of-flight °°Y PET/CT (Gemini
TF64; Philips Healthcare) was performed on the same day
without the use of any additional intravenous radiotracer
(e.g. FDG) since *°Y energy leads to positron—electron pair
production in tissue [3]. Scan parameters included 12-min
144 x 144 pixels acquisitions with 4-mm isotropic

resolution over two PET bed positions and standard algo-
rithms and scatter/attenuation corrections. Adjustments for
%Y were performed based on '®F decays and differences in
positron  fraction (3.19 x 107> per decay versus
9.2 x 107" for '®F), allowing conversion from apparent
Bg/cc to *°Y activity concentration. The correction used for
our acquisitions was 28,210%[*°Y Bq]/[apparent '°F Bq].
For attenuation correction, non-contrast CT imaging was
obtained using settings of 120 kVp, 50 mA, 0.75-second
rotation, and pitch of 0.7:1.

Y PET dosimetry was calculated using a commercial
image analysis software (Imalytics, Philips Technologie
GmbH, Innovative Technologies, Aachen, Germany) on a
3D workstation. Volumes of interest corresponding to the
anatomic margins of the treated tumors and surrounding non-
tumoral liver lobe (entire right or left liver lobar volume,
ipsilateral to the treated arterial distribution, excluding the
tumors) were selected (Fig. 1) using the pre-treatment mul-
tiphase CT or MR by a single board-certified radiologist with
1 year of experience who was blinded to the primary out-
come and the °°Y treatment [18]. The number of coincident
events was assessed for each voxel across the volumes of
interest, allowing for a %0y dose and a dose-volume his-
togram to be calculated based on a pre-calibrated conversion
factor. The median delivered dose and median volume of the
non-tumoral liver lobe were recorded.

Patient Follow-Up

Primary outcomes included clinical and laboratory assess-
ment at 1 and 4 months after treatment. No patient was lost
to follow-up during this observational period. The optimal
duration for assessing radiation-induced liver disease is
described to be within 4 months of treatment, with longer-
term observations confounded by the natural progression of
underlying liver cirrhosis [19]. Longer-term follow-up
(until transplant or death) was continued after study com-
pletion as part of routine clinical care. Serum bilirubin,
albumin, leukocyte count, aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) levels were
tested and categorized in accordance with the National
Institute of Health’s Common Terminology Criteria for
Adverse Events (CTCAE) definitions [20]. In patients with
liver dysfunction at baseline, toxicity was only counted if
laboratory values worsened by at least one CTCAE grade
during the follow-up period [21]. Significant toxicity was
defined by progression to grade 2 or higher as this would
affect eligibility for future treatment.

Statistical Analysis and Sample Size Calculation

Statistical analysis was performed using JMP version 9 soft-
ware (SAS Institute, Inc., Cary, NC). Kruskal-Wallis
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Fig. 1 A 65 year old with a large partially necrotic hepatocellular
carcinoma in segment 5/6. B Volumes of interest were superimposed
on baseline contrast-enhanced CT delineating tumor (green) from
normal liver (pink). C Lobar radioembolization was performed using
glass microspheres, with post-radioembolization PET fused with

nonparametric testing was performed to assess for the effects
between grade > 2 toxicity (composite of all 5 individual
toxicities, and each individual toxicity) and non-tumoral liver
dose and volume, baseline patient and treatment characteristics
including Child—Pugh status, HCC versus non-HCC malig-
nancy, and lobar versus segmental arterial infusion. Testing for
the primary effect of glass versus resin microspheres was not
performed due to the inadequate number of resin treatments for
a meaningful analysis; however, Cochran—-Mantel-Haenszel
testing was performed to assess for interactions between type of
malignancy and glass versus resin microsphere and Child—Pugh
status and segmental versus lobar treatment. Using the signifi-
cant factors identified by univariate analysis, multiple regres-
sion modeling was performed to evaluate for composite and
individual grade > 2 toxicities. Two-tailed p value < 0.05 was
considered significant.

Predicted toxicity at incrementally increasing non-tu-
moral liver doses was calculated using a multiple
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baseline CT showing heterogeneous microsphere distribution within
the tumor and the surrounding parenchyma. D Volumes of interest
corresponding with °°Y distribution. In this case, the dose to the
normal liver parenchyma was 69 Gy and the dose to the tumor was
268 Gy

regression model. Since higher proportions of toxicity
grades continuously increased with radiation dose, the
thresholds of 50, 75, and 100 Gy were chosen to represent
possible delivered non-tumoral liver doses in practical
situations. Finally, multiple regression predictive modeling
was performed to determine the liver dose needed for 50%
likelihood or greater of a grade 2/3 toxicity (Dsg).
Laboratory toxicity has been described in 30-40% of
patients treated with radioembolization [22, 23], but no
“dose-escalation” literature exists for the likelihood of
toxicity with varying levels of radiation. Using an expected
30% toxicity incidence, we hypothesized our study popu-
lation will dichotomize into two exposure levels—patients
who receive “low” versus “high” radiation doses are
arbitrarily assigned a halved (15%) or doubled (60%)
likelihood of toxicity, respectively. Assuming an equal
number of patients in each group, a total sample size of 38
was required to demonstrate a difference between the
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groups with two-sided significance level < 0.05 and 0.80
power. While initial budgeting was designed for this study
size, unforeseen increases in the costs of study execution
resulted in a total enrollment of 35 subjects.

The design and execution of the study, analysis of data,
and manuscript preparation were performed solely by the
authors without involvement or conditions by the sponsor.

Results
Treatment Parameters

All *°Y treatments were technically successful. Thirty-two
(94%) patients were treated with glass microspheres, and
two patients (6%, both with non-HCC malignancies)
received resin microspheres. Lobar treatment was per-
formed in 26 patients (76%) and segmental treatment in 8
patients (24%). The median administered activity was
2.7 GBq (range 0.3-9.5 GBq). Median non-tumoral liver
dose was 49.4 Gy (range 0-133 Gy), and median treated
non-tumoral liver volume was 1065 cc (range
88-2041 cc). The median non-tumoral liver volumes rep-
resented 89% of the entire liver lobe (range 3-97%). The
dose to the treated non-tumoral liver was not correlated
with the liver volume (% =0.06) or injected activity
(r2 = 0.08). The median liver dose was higher for treat-
ments by lobar arterial distribution (64.3 Gy, range
6-133 Gy) than by segmental arterial distribution
(40.8 Gy, range 1-50 Gy, p = 0.046).

Toxicity Assessment

The median duration of follow-up was 684 days. Common
post-radioembolization toxicities included 9 patients with
fatigue (26%), 7 patients (21%) with moderate or greater
abdominal pain, and 5 patients (15%) with post-em-
bolization syndrome. A total of 19 patients (56%) devel-
oped at least one grade 2 or 3 laboratory toxicity (Table 2).
No patients had grade 4 or 5 toxicities. Two patients
developed irreversible ascites during the follow-up period:
one patient (who received 84 Gy to the liver lobe) pro-
gressed to Child—Pugh C status therefore limiting addi-
tional treatments; the other patient developed ascites from
worsening metastatic disease. No biloma, abscess,
encephalopathy, liver failure, extrahepatic complication or
patient death occurred during the 4-month study period.

Univariate Analysis
Patients with composite grade 2 or higher laboratory tox-

icity (Table 2), when compared with those without any
toxicity, had a significantly higher median non-tumoral

liver dose (70.7 vs. 43.8 Gy, p = 0.02), were more likely to
be Child-Pugh class B than A (RR = 2.07, p = 0.03), and
had lobar instead of segmental arterial infusions (RR =
2.62, p = 0.04). Factors not significant for grade 2 or
higher toxicity included the volume of the treated non-
tumoral liver (p = 0.14), volume of the untreated liver
volume (p = 0.36), presence of portal venous tumor or
thrombus (p = 0.27), type of malignancy (p = 0.44), and
whether the tumors involved < 25% or 26-50% of the
liver (p = 0.76).

Patients with grade 2 or higher change in post-treatment
albumin (74.1 vs. 43.3 Gy, p = 0.013), bilirubin (84.2 vs.
43.8 Gy, p <0.001), and AST (945 vs. 47.1 Gy,
p = 0.048) received higher non-tumoral liver doses com-
pared to patients without laboratory toxicity (Fig. 2). Non-
tumoral liver dose was not statistically higher for patients
that exhibited grade 2 or higher change in ALT or
leukopenia. Median non-tumoral liver doses for the com-
posite and individual toxicities are shown in Table 3.

Compared to patients with HCC and cirrhosis, all 7
patients with non-HCC malignancy had normal liver
function and pre-treatment biochemical values. Subgroup
analysis using Pearson’s likelihood ratio did not reveal a
correlation between those with or without cirrhosis and the
development of grade 2 or higher toxicity (16/27 or 59%
vs. 3/7 or 43%, p = 0.44). The median non-tumoral liver
doses were higher for HCC than non-HCC patients, but this
difference was not statistically significant (51.0 vs.
36.9 Gy, p = 0.15).

No interaction was found using Cochran-Mantel-
Haenszel testing between the type of malignancy and glass
versus resin microsphere (p = 0.43), or Child—Pugh status
and segmental versus lobar treatment (p = 0.17). The
delivered median liver dose among those with Child—Pugh
A and B were similar (49.5 vs. 44.9 Gy, p = 0.86).

Multivariate Analysis

Individual multiple regression models were used to predict
grade 2 or higher post-treatment toxicities (Table 4). When
accounting for multiple risk factors, non-tumoral liver dose
was a significant predictive factor for composite toxicity,
hyperbilirubinemia, and AST elevation. Each 1 Gy
increase in non-tumoral liver dose increased the odds of
composite toxicity, hypoalbuminemia, hyperbilirubinemia
and AST elevation by 1.05, 1.08, and 1.39, respectively.
Within these multiple regression models, Child—Pugh class
B was associated with composite toxicity, hypoalbumine-
mia, and AST elevation. The volume of the untreated liver
had a significant effect on AST elevation, and only treat-
ment by lobar infusion significantly affected ALT eleva-
tion. None of these factors predicted post-treatment
leukopenia.
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Table 2 Post-treatment liver toxicities by common terminology criteria for adverse events (CTCAE) category

Grade 0/1 Grade 2/3 p value
Incidence of composite of any grade > 2 toxicity 15/34 (44%) 19/34 (56%) -
Incidence of individual toxicities
Hypoalbuminemia 21/34 (62%) 13/34 (38%) -
Hyperbilirubinemia 27/34 (79%) 7134 (21%) -
Aspartate aminotransferase (AST) increase 32/34 (94%) 2/34 (6%) -
Alanine aminotransferase (ALT) increase 25/34 (74%) 9/34 (26%) -
Leukopenia 28/34 (82%) 6/34 (18%) -
Univariate analysis of risk factors for composite grade > 2 toxicity
Non-tumoral liver dose t -t 0.02%
Non-tumoral liver volume _t _f 0.14
Untreated liver volume _t _f 0.36
Pre-treatment Child—Pugh class
A 15/29 (52%) 14/29 (48%) 0.03%*
B 0/0 (0%) 5/5 (100%)
Portal venous tumor or thrombus
No 10/20 (50%) 10/20 (50%) 0.27
Yes 4/13 (31%) 9/13 (69%)
Arterial infusion
Segmental 6/8 (75%) 2/8 (25%) 0.04*
Lobar 9/26 (35%) 17/26 (65%)
Tumor type
Hepatocellular carcinoma 11/27 (41%) 16/27 (59%) 0.44
Non-HCC liver metastases 4/7 (57%) 3/7 (43%)
Tumor burden, % of liver involvement
1-25% 11/24 (46%) 13/24 (54%) 0.76
26-50% 4/10 (40%) 6/10 (60%)

Factors that meet statistical significance (p = 0.05) indicated by asterisk. Non-tumoral liver dose and volume are continuous variables, denoted

by T

Predictions for composite toxicity at incrementally
increasing non-tumoral liver doses were calculated using
the multiple regression model (Table 5). The likelihood of
composite toxicity with radiation dose, with a greater
likelihood of grade 0/1 toxicity at a liver dose of 50 Gy,
versus a high likelihood of grade 2/3 toxicity when 75 or
100 Gy was received. Using these multivariate models, the
D5, for composite toxicity was 54.2 Gy.

To assess for interaction between lobar versus segmental
treatment and the effect of dose on liver toxicity, a post hoc
subgroup multivariate analysis was performed including
only patients with either lobar or segmental treatments.
Similar to our primary analysis based on all 34 subjects, in
the lobar treatments, the parenchymal dose was the only
statistically significant factor (p = 0.015), but pre-existing
toxicity or Child—Pugh did not meet significance; a sub-
group analysis without the segmentally treated patients did
not change the study conclusion. In contrast, the model
with segmental-only treatment did not find any of the
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variables to be significant for toxicity—also, the median
lobar parenchymal dose received only ranged from 0.2 to
22 Gy. (The treated segment was as high as 631 Gy.) This
confirms the findings from the primary analysis, showing a
low lobar radiation dose is not associated with toxicity.

Discussion

Despite significant advancements in radioembolization
practices over the past decade, dosimetry has remained
based on standardized models, with dose adjustments
empirically made at the physician’s discretion based sub-
jectively on concerns of underlying liver function and size
of the treatment territory [24]. Maximum non-tumor liver
doses of 50-70 Gy or even lower have also been proposed
based on partition modeling dosimetry [25]. These pro-
posed dose limits were arbitrarily set without an accurate
method to assess dose deposition after radioembolization,
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Fig. 2 Box-and-whisker plots Liver toxicity versus delivered °°Y dose to the liver parenchyma
of delivered *°Y doses to non- 140 -

tumoral liver parenchyma of the

treated lobe versus CTCAE
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Table 3 Non-tumoral liver doses by toxicities after *°Y radioembolization

Composite (any Individual laboratory toxicities
toxicity) - T . ;
Hypoalbuminemia Hyperbilirubinemia AST increase ALT Leukopenia
increase
Dose to non-tumoral liver volume, median Gy [range]
No change or grade 1 43.8 [1-68] 43.3 [1-106] 43.8 [0-106] 47.1 [0-133] 49.3 [1-133] 49.5 [0-106]
Grade 2 or higher 70.7 [0-133] 74.1 [0-133] 84.2 [71-133] 94.5 55.0 [0-106] 60.7
[83-106] [24-133]
Univariate model 0.02* 0.01* < 0.01* 0.05* 0.86 0.44

p value

Factors that meet statistical significance (p = 0.05) indicated by asterisk

Table 4 Multivariate models predicting toxicity (CTCAE) after %Y radioembolization

Composite (any toxicity) Individual laboratory toxicities

Hypoalbuminemia Hyperbilirubinemia AST increase ALT increase Leukopenia

Multivariate model factors (p values)

Dose to treated lobe 0.03* 0.16 0.01* < 0.01%* 0.23 0.28
Volume of treated lobe < 0.01* 0.76 0.25 1.00 0.25 0.16
Volume of untreated lobe 0.45 0.67 0.51 0.04* 0.25 0.55
Childs—Pugh grade B < 0.01* < 0.01* 0.65 < 0.01* 0.96 0.12
Portal vein tumor 0.83 0.55 < 0.01* 1.00 0.25 0.69
Lobar treatment 0.36 0.33 0.99 1.00 0.01%* 0.25

Factors that meet statistical significance (p = 0.05) indicated by asterisk

and prospective correlation with toxicity has not been  existing studies are also based on the administered activity
made. The thresholds and toxicity data reported in most  for resin microspheres or presumed delivered dose for glass
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Table 5 Likelihood of liver

Composite toxicity by liver dose (Gy)

Grade 0/1 (%) Grade 2/3 (%)

toxicities by radiation dose
50
75
100

58 42
16 84
2 98

microspheres. These formulas assume a uniform distribu-
tion of microspheres and may not reflect the actual *°Y
distribution across the non-tumoral hepatic parenchyma
and to the tumors. Knowledge of threshold dose to induce
liver toxicity is vital to improving outcomes from
radioembolization.

This study found that increasing delivered radiation dose
to the non-tumoral liver parenchyma, calculated using post-
treatment *°Y pair-production PET, is correlated with liver
toxicity manifested by grade 2 (or greater) alterations in a
composite of any toxicity, and individual laboratory
changes in bilirubin and AST [21, 26, 27]. *°Y PET
quantitative dosimetry allows for precise assessment of the
actual delivered dose to both tumor and surrounding par-
enchyma [13, 14]. Even though *°Y PET is obtained after
treatment has already been completed, assessment of dose
to the hepatic parenchyma could help predict toxicity in
those patients who received excessive radiation dose to the
normal liver. Debates continue on the safety of repeat
radioembolization in patients, with limited evidence to
support safety with successive treatments [28]. In those
patients who received minimal dose to the normal liver as
determined by PET, repeat radioembolization treatments in
the setting of disease progression may theoretically be safe.
Our findings reflect treatments that are lobar or segmental;
the resultant toxicity may be different if a whole-liver
treatment was performed.

Post-radioembolization toxicity is believed to be asso-
ciated with the volume of liver treated and available hep-
atic reserve [29]. This equates to a presumed higher risk of
toxicity for patients with Child—Pugh B status and those
who receive treatment to larger areas of liver via a lobar
artery administration. We found that Child—Pugh status
was a significant predictor of toxicity in 3 of the 6 multi-
variate models. Similarly, the dose to the liver parenchyma
was also found to be a common significant factor in 3 of 6
multiple regression models when accounting for these
other variables. These findings suggest that while lobar
arterial infusion or the volume of treated liver may increase
the risk of specific laboratory toxicities, the strongest pre-
dictors of a patient having any post-treatment toxicity are
the liver parenchymal dose and Child—Pugh status.

The study’s multiple regression models predicted a Ds,
threshold for composite grade 2 change of 54.2 Gy, which
is remarkably similar to the Dsy, of 52 Gy previously
described for grade > 2 toxicities in a similar patient
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population using bremsstrahlung SPECT [22]. For a med-
ian liver parenchymal dose of 50 Gy, this model predicts
patients would likely have grade 1 or no toxicity. We
observed a substantial increase in prevalence in grade 2/3
toxicities when liver doses approach 75 Gy (Table 5).
These findings are counter-intuitive to the traditional
approach for dose selection and have clinical implications
that (a) non-tumoral liver radiation dose may better predict
treatment-related toxicity than pre-existing liver status and
treatment arterial distribution, and (b) the actual dose
delivered to the non-tumoral liver parenchyma can differ
significantly from the uniform dose that is assumingly
delivered to the treated area by current dosimetry methods.
Theoretically, implementation of PET dosimetry after a
treatment session may allow the operator to better plan *°Y
doses for repeat treatments to optimize therapy while
minimizing risk of toxicity; additional studies are neces-
sary to validate this possible clinical implication.
Limitations to this study are present. The power to better
assess the baseline patient and treatment variables is lim-
ited by the relatively small number of patients. A larger
study with a broader range of delivered doses would permit
further refinement and validation of the statistical analyses
and dose thresholds. The inclusion of both primary and
secondary liver malignancies can affect the generalizability
of these findings; for example, the patients with non-HCC
malignancies were allowed to resume their chemotherapy
regimen, if part of the standard of care, 4 weeks after
radioembolization, which could attribute to observed tox-
icities during the study, although no significant correlation
was found between toxicity and patients with non-HCC
tumors. Given the fewer number of patients with secondary
liver malignancies, our findings are more reflective of
patients with HCC. There were few observations of grade 3
or higher toxicity, which limits the ability to further dis-
tinguish between moderate and higher toxicities grades.
The majority of the treatments were also performed by
lobar distribution; while this reflects a common practice at
the time of this study, findings may be different with pre-
dominant use of superselective (e.g. radiation segmentec-
tomy) or whole-liver treatment. Furthermore, the findings
may differ with patients treated with resin microspheres.
While these stated limitations indicate the overall hetero-
geneity of the study population, this study was intended to
represent the diversity of actual practices by including
patients with both HCC and non-HCC tumors, variations in
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treatment (glass and resin microspheres, and segmental
versus lobar infusions), with °°Y dose selection and
administration in accordance with accepted standard of
care. Finally, long-term (i.e. 12 month) toxicity was not
assessed in this study, and therefore instances of eventual
radiation fibrosis may not be adequately captured. How-
ever, a long-term toxicity assessment is confounded by
numerous factors, such as repeat/additional therapy, liver
transplantation, and progression of cirrhosis. Therefore, a
120-day cutoff for toxicity analysis was chosen.

In conclusion, 99y delivered dose to normal liver par-
enchyma can be measured by internal pair-production PET
after radioembolization of unresectable liver tumors and
predicts post-treatment liver toxicity. Non-tumoral liver
dose is strongly correlated to a composite of grade 2 tox-
icity, as well as moderate or greater laboratory changes in
bilirubin and AST, with a Dsq threshold of 54 Gy. PET
dosimetry may eventually permit adjustments in dosimetry
in order to further improve the safety of radioembolization.
Further investigation using PET dosimetry is needed to
provide additional insight into treatment-related toxicities
associated with *°Y radioembolization.
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