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ARTICLE INFO ABSTRACT

Keywords: Background: For small primary liver tumors, favorable outcomes have been reported with both of proton beam
Primary liver tumors therapy (PBT) and X-ray therapy (XRT). However, no clear criteria have been proposed in the cases for which and
NTCP model

when of PBT or XRT has to be used. The aim of this study is to investigate cases that would benefit from PBT
based on the predicted rate of hepatic toxicity.

Materials and methods: Eligible patients were those who underwent PBT for primary liver tumors with a
maximum diameter of < 5 cm and Child-Pugh grade A (n = 40). To compare the PBT-plan, the treatment plan
using volumetric modulated arc therapy was generated as the XRT-plan. The rate of predicted hepatic toxicity
was estimated using five normal tissue complication probability (NTCP) models with three different endpoints.
The differences in NTCP values (ANTCP) were calculated to determine the relative advantage of PBT. Factors
predicting benefits of PBT were analyzed by logistic regression analysis.

Results: From the dose-volume histogram comparisons, an advantage of PBT was found in sparing of the normal
liver receiving low doses. The factors predicting the benefit of PBT differed depending on the selected NTCP
model. From the five models, the total tumor diameter (sum of the target tumors), location (hepatic hilum vs
other), and number of tumors (1 vs 2) were significant factors.

Conclusions: From the radiation-related hepatic toxicity, factors were identified to predict benefits of PBT in
primary liver tumors with Child-Pugh grade A, with the maximum tumor diameter of < 5 cm.

Model-based selection

Introduction Due to its physical properties, PBT can be expected to reduce the dose to

the normal liver. However, no clear criteria have been proposed for

In primary liver tumors, photon-based stereotactic body radio- selecting PBT or X-ray therapy (XRT). For the clinical validation of the

therapy has been widely used and reported to have favorable treatment added value of PBT to prevent adverse events, it is important to
results [1-5]. For a more precise treatment, proton beam therapy (PBT) appropriately select cases that would benefit from the PBT [10].

has also been applied, and improved results have been reported [6-9]. In making the appropriate treatment decision, in selecting PBT or

Abbreviations: ALBI, albumin-bilirubin; CTV, clinical target volume; CP, Child-Pugh; DVH, dose-volume histogram; GTV, gross tumor volume; GyE, Gy equivalent;
IMPT, intensity-modulated proton therapy; IMRT, intensity-modulated radiotherapy; NTCP, normal tissue complication probability; PBT, proton beam therapy; PTV,
planning target volume; RBE, relative biological effectiveness; RILD, radiation-induced liver disease; VMAT, Volumetric modulated arc therapy; XRT, X-ray therapy.
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XRT, model-based selection has been proposed [11,12]. This strategy
attempts to calculate the predicted rate of adverse events in PBT and
XRT using normal tissue complication probability (NTCP) models. If the
absolute difference in NTCP values (ANTCP) is greater than a pre-
determined criterion, PBT is considered advantageous and selected. In
lung or brain tumors, several studies have compared the treatment plans
of PBT and XRT, and these have shown the superiority of PBT in terms of
NTCP [13,14]. In liver tumors, studies based on the risk of radiation-
induced liver disease (RILD) was also reported, and these indicate that
PBT may be superior in large tumors [15,16]. In these studies, however,
the analysis was conducted using a single NTCP model, and the baseline
liver function was not considered. Moreover, the benefits of PBT have
not been established for small tumors (maximum diameter < 5 cm). For
the clinical application of model-based selection in liver tumors, we
thought it necessary to conduct the study in a setting of actual clinical
practice and propose criteria for cases that would benefit from PBT.

The aim of this study is to investigate benefits of cases with PBT from
the perspective of radiation-related hepatic toxicity. We generated the
XRT plans in simulations and discuss the merits of PBT using five NTCP
models with different endpoints.

Materials and methods
Patients

This study was approved by the Ethics Review Committee of Hok-
kaido University Hospital (IRB number: 019-0455). The patients
included in this study were with primary liver tumors of a maximum
tumor diameter of 5 cm, treated with PBT at our institution from March
2015 to April 2021 (Table 1). Due to the small number of patients with
Child-Pugh (CP) grade B, only cases with CP grade A were included in
the analysis. The dose prescriptions were: 66 GyE in 10 fractions, 72.6
GyE in 22 fractions, or 76 GyE in 20 fractions. The fraction regimen of 20
or 22 was selected for patients with tumors in the hilar region or close to
the gastrointestinal tract (GI-tract).

Proton beam therapy.

At our institution, we have used a combination of spot-scanning
proton therapy and implanted fiducial markers in respiratory-moving
tumors [17]. The treatment planning CT was non-contrast enhanced
and scanned with the natural expiratory phase of the respiration cycle.
Unless medically compromised, contrast-enhanced CT and/ or enhanced
MRI was performed at the same respiratory phase and integrated into
the treatment planning CT.

Table 1
Patient backgrounds.

Liver tumor

Hepatocellular carcinomas 36 (90.0%)

Intrahepatic cholangiocarcinomas 4 (10.0%)
Baseline ALBI grade

1 23 (57.5%)
2 17 (42.5%)
Treated lesions (At one time)

One 31 (77.5%)
Two 9 (22.5 %)
Tumor location

Hilum* 22 (55.0%)
Others 18 (45.0%)

Maximum tumor diameter (median, mm)
Total tumor diameter (median, mm)
Total GTV volume (median cm®)

Normal Liver volume (median, cm®)
Dose prescription

72.6 GyE in 22 fractions

76.0 GyE in 20 fractions

66.0 GyE in 10 fractions

29.5 (range: 6-50)

30.5 (range: 6-72)

1.7 (range: 0.1 - 7.1)

1268.8 (range 751.28-2473.4)

16 (40.0%)
13 (32.5%)
11 (27.5%)

*Within 20 mm of main stem or first branch of the portal vein. ALBI: albumin-
bilirubin, GTV: gross tumor volume, GyE: gray equivalent
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In target contouring, the gross tumor volume (GTV) was defined as
the tumor identified from each image, and the clinical target volume
(CTV) was defined as the GTV with a 0-5 mm margin depending on the
case. Specifically, we reduced the CTV margin in cases where liver
function would be expected to deteriorate (e.g. large tumor volume, or
small liver volumes after surgical resection). At this process, we removed
the area of the CTV that does not overlap with the liver. In determining
the dose prescription of XRT for the purpose of this study, the planning
target volume (PTV) in XRT-plan was also generated in PBT-plan.

The dose prescription for the PBT-plan was basically given for 99% of
the CTV volume (CTV D99). In some cases, dose prescriptions were
based on D50 of the CTV due to its proximity to the the gastrointestinal
tract. The relative biological effectiveness (RBE) of 1.1 was used. The
dose constraint for a normal liver (Liver - GTV) was a mean dose of < 30
Gy equivalent (GyE, 20-22 fractions) or < 25 GyE (10 fractions). The
details of the PBT-plan and dose constraints are shown in Table 2.

In the planning, the PBT-plans were optimized with single-field
uniform dose optimization with two or three beams with a VQA
version 3.077 (Hitachi Ltd., Tokyo). The intensity-modulated proton
therapy (IMPT) by multifield optimization was also used for two cases
where the tumor is close to the GI-tract. A margin of 5 mm including
internal and setup margins was applied lateral to the beam direction.
Distal and proximal margins, which were calculated as 3.5% of the range
plus 1 mm, were added to account for range uncertainties.

X-ray simulation

Volumetric modulated arc therapy (VMAT) plans were generated as
simulated X-ray plans (XRT-plan). The XRT-plan was generated using
the Auto-Planning module of Pinnacle® in the treatment planning system
Pinnacle® version 9.14 (Philips, Amsterdam, Netherlands). Several
studies have already reported that the Auto-Planning module is com-
parable to manual planning for various sites [18,19] including the liver
[20,21]. Since the NTCP value largely depends on the liver dose, we
attempted to reduce the mean liver dose as far as possible without up-
setting the overall balance (Supplementary material A). In the XRT-plan,
the treatment planning CT and contouring were the same as those used
in the PBT-plan. The planning target volume (PTV) was basically defined
as the CTV with a 5-mm margin around the entire circumference.

To make a fair comparison, the dose prescriptions were set to be the
same for XRT and PBT. In cases with doses prescribed for CTV D99 in the
PBT-plan, the dose received by 95% of the PTV volume (PTV D95) was
also recorded, and the same dose was prescribed to the of 95% of the
PTV volume in XRT-plan. In the case of CTV D50 in the PBT-plan, the
PTV D50 dose was prescribed for the XRT-plan. The details of the XRT-
plan provided are in Supplementary materials A and B.

NTCP Model selection

In choosing the NTCP model for the radiation-related hepatic
toxicity, we investigated multiple models with different endpoints. The
Dawson model [22] is the most widely used. We also selected the Cheng
and Xu models, which estimate the NTCP value based on the baseline CP

Table 2
General dose constraints in the PBT-plans.

Organ at risk Constraints (RBE)

20-22 fractions 10 fractions

Normal liver (Liver — GTV) Mean < 30GyE <25GyE
Stomach Do scc < 60GYE <47GyE
Duodenum Do.5cc < 50GyE <40GyE
Intestine Do sce < 50GyE <40GyE

GTV: gross tumor volume, PBT: proton beam therapy, RBE: relative biological
effectiveness. Doses were normalized to 2-Gy (RBE) equivalent doses, using a
linear quadric model with an a/f ratio of 3.
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grade [23,24]. The endpoint of these models is > grade 3 RILD, but it is
desirable to use the NTCP model with different endpoints such as for the
CP score and ALBI grade, which are more commonly used indicators in
modern radiotherapy. There is the Pursley et al. proposed novel NTCP
models where the endpoints increase in > 2 CP scores or in the > 1
albumin-bilirubin (ALBI) grades [25], and we used two of these NTCP
models as they more closely reflect hepatic toxicities in the modern
radiotherapy era. Supplementary material C summarizes the details of
each of the NTCP models.

NTCP calculations

The PBT and XRT-plans were transferred to MIM maestro ver. 7.0
(MIM Software, Cleveland, OH, USA) and dose-volume histogram (DVH)
data of the normal liver dose was extracted. To convert to the normal-
ized biologic effective dose from the original physical doses, the pa-
rameters shown in Supplementary material C were used for the dose per
fraction and the a/p ratio in each NTCP model. To determine the NTCP
value, the biological effective dose was fitted to the respective NTCP
model. Details of the NTCP calculations were described in original re-
ports [22-25]. The NTCP value was calculated by the appropriate model
proposed based on the Child-Pugh or ALBI grade of the case.

The ANTCP is a reference value for the relative advantage of the PBT
when compared to XRT. To obtain the value for ANTCP with PBT and
XRT-plans, the following equation was used.

ANTCP = NTCPxgr—pian — NTCPpgr_pian

As for the threshold of ANTCP for differences in adverse events, we
used the thresholds proposed by Langendijk et al. [10]. In that article,
the thresholds of ANTCP for grades 2, 3, and > 4 were set at 10%, 5%,
and 2%, respectively. Therefore, we used a threshold of 5% for the
models of Dawson, Cheng, and Xu. In setting appropriate thresholds for
the Pursely model, a threshold of 5% was adopted because changes in
these values can significantly influence subsequent treatment decisions.

Statistical analysis

The NTCP models used in this study were specified by the values for
the normalized healthy liver dose. Therefore, a logistic regression
analysis was performed for the total tumor diameter (the sum for the
target tumors), normal liver volume, number of tumors, and localization
of the tumors (hilum or other locations), which potentially affect the
liver dose. As for tumor location, the hepatic hilum was defined as
within 20 mm of the main stem or first branch of the portal vein. If at
least one of the lesions was in the hilar region, it was considered to have
hilar involvement. Statistical significance was defined as a p-value
0f<0.05 and a 95% confidence interval of the odds ratio not including 1
[26]. The statistical analysis was performed with the JMP version 16
(SAS, Cary, NC).
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Results

Fig. 1 shows the dose-volume histograms of normal liver volume by
dose-prescription. The PBT-plan has advantages in sparing the parts of
liver receiving low doses. Fig. 2 shows the details of NTCP or ANTCP
values for each model. The overall NTCP distribution varies by model,
but patients in each model can be divided in groups of ANTCP < 5% or
> 5%. The number of cases with ANTCP > 5% in each model was six
(15%) in the Dawson model, four (10%) in Cheng, 12 (30%) in Xu, 26
(65%) in Pursley with the endpoint of CP score increase > 2, and 22
(55%) in Pursley with ALBI grade increase > 1.

The results of the logistic regression analysis are shown in Table 3.
The identified factors predicting the benefit of PBT differed among the
NTCP models. In four of five NTCP models, the total tumor diameter was
a significant factor (p < 0.01) for indicating benefits of PBT. In the two
Pursley models, the number of tumors (1 vs 2) and tumor location
(hilum or others) were also significant (p < 0.01). Different from this,
the normal liver volume was not significant in any of the five models.

Fig. 3 shows two representative cases. Case 1 is a tumor at the pe-
ripheral part and case 2 is with multiple lesions at the hepatic hilum.
Although each of the tumor diameters is smaller in case 2, the ANTCP
value suggests that the benefit of PBT is greater in this case.

Discussion

Model-based selection has been proposed as a useful method in
selecting cases with superior benefits by PBT for primary liver tumors
and this method has already been applied clinically in the field of head
and neck cancers [27]. Although model-based selection should be use-
ful, it may be limited to promote the workflow in all cases due to time or
personnel constraints. To evaluate which cases could benefit most, it
would be desirable to make decisions based on the factors that affect the
dose distributions in PBT and XRT-plans. Our study showed that ad-
vantages of PBT could be predicted by the following factors: total tumor
diameter, tumor location, and the number of tumors. Although the
factors considered here are not sufficient for clinical decision making,
further development of this study will show some cases predicting
benefits of PBT without a treatment plan.

In future clinical trials, much caution is needed for hepatic toxicity
analysis of differences between PBT and XRT. Cheng et al. and Sanford
et al. compared patients who undergo PBT or XRT for liver tumors,
retrospectively, and reported improved survival and lower adverse
event incidence with PBT [7,8]. Their studies are important in showing
the benefits of PBT, however, the patients included in both studies had
not been stratified by factors influencing liver doses. For example, a
tumor located in the periphery of the liver have very limited benefit
from PBT, even if the tumor diameter is nearly 40 mm (Fig. 3). These
cases would be expected to show no difference in the risk of hepatic
toxicity at the time of treatment planning. Widder et al. pointed out that
the inclusion of such cases with no potential benefit of PBT may make

100 100 100 — PBT
76.0Gy(E)/ 20 fr 72.6Gy(E)/ 22 fr ~ 66.0Gy(E)/ 10 fr
< 2 & — XRT
~ ~ [0}
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- : 5
= 2 S
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0 20 40 60 80
Gy (E) Gy (E) Gy (E)
Fig. 1. Dose-volume histograms of normal livers (Liver — GTV) with 95% confidence intervals in patient group pre prescription dose. GTV: gross tumor volume.
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Fig. 2. The NTCP values in the PBT and XRT-plans (left panels, shown with dots) and the distribution of ANTCP (right panels, shown with blue bars). The dotted line
indicates the threshold values (5%) of ANTCP in the models. ALBIL: albumin-bilirubin, NTCP: normal tissue complication probability, PBT: proton beam therapy,
RILD: radiation-induced liver disease, XRT: X-ray therapy. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

the interpretation of the results obtained difficult [11]. One challenge in
future clinical trials is how to evaluate these non-beneficial cases.

Although there have been studies comparing XRT and PBT plans in
liver tumors, the issue remains as to which NTCP model to use. Mon-
dlane et al. performed a study with planning comparisons using ten
patients with metastatic liver tumors [16]. Toramatsu et al. also
compared dosimetric parameters of ten liver tumors from 3.4 to 16.1 cm
with PBT and intensity-modulated radiotherapy (IMRT) [15]. While
these studies are promising in showing the possibility to select cases
benefitting with PBT, both studies estimated NTCP values using only the
Dawson model. As shown in Fig. 2, the values of NTCP are various
among models even for the same case. Therefore, physicians need to be
fully aware of the possibility that the results can be different depending
on the selected NTCP model.

In this present study, the significant factors affecting case selection
differed depending on the NTCP model in CP grade A cases. The Dawson,

73

Xu, and Cheng model were associated with total tumor diameter. In the
two Pursley models, however, the results were different. In the original
article, Pursley et al. reported that the low dose region (5-10 Gy) in the
liver was strongly associated with a CP score or ALBI grade increase
[25]. From our DVH comparison, an advantage of PBT is clearly that it
gives the normal liver volume low doses (Fig. 1). This result is similar to
previous planning studies [15,16]. The extent of the low-dose region
becomes more apparent with XRT when treating multiple lesions at the
hepatic hilum, as shown Fig. 3. Considering these results, the Pursley
model may be appropriate in terms of estimating the benefits of reducing
the low-dose region, which is an advantage of PBT. For a more appro-
priate model-based selection, the solution may be to combine multiple
NTCP models. There is also a report with an attempt to set an optimal
threshold value when using multiple NTCP models with different end-
points [10]. More studies are needed on which NTCP model to use and
how to combine models for model-based selection.
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Table 3
Logistic regression analysis.

Model Liver status Endpoint n Factor Odds ratio (95% CI) P value
Dawson (2002) Not considered > grade3 RILD 40 Total tumor diameter (cm) 6.56 (1.79 - 89.52) 0.001
Number (1 vs 2) 3.95 (0.04-2348.87) 0.571

Location (hilum vs others) 42.68 (0.60-727194.74) 0.100

Normal liver volume (cm®) 0.79 (0.45-1.25) 0.337

Cheng (2004) For CP grade A > grade3 RILD 40 Total tumor diameter (cm) 5.99 (1.44 - 83.83) 0.007
Number (1 vs 2) 2.77 (0.04 - 1071.60) 0.648

Location (hilum vs others) 2.86 (0.08 - 493.76) 0.576

Normal liver volume (cm®) 0.95 (0.58-1.47) 0.836

Xu (2006) For CP grade A > grade3 RILD 40 Total tumor diameter (cm) 9.94 (3.02 - 75.12) <0.001
Number (1 vs 2) 2.20 (0.05 - 199.93) 0.695

Location (hilum vs others) 3.46 (0.31 - 71.88) 0.316

Normal liver volume (cm®) 0.76 (0.47-1.05) 0.113

Pursely (2020) For CP grade A CP score > 2+ 40 Total tumor diameter (cm) 3.44 (0.75 - 15.69) 0.043
Number (1 vs 2) 75.22 (1.63 — 3463.13) 0.003

Location (hilum vs others) 23.97 (2.26 - 253.30) 0.001

Normal liver volume (cm®) 0.69 (0.45 - 1.07) 0.047

For ALBI grade 1 or 2 ALBI grade > 1+ 40 Total tumor diameter (cm) 3.01 (1.26 - 10.27) 0.009

Number (1 vs 2) 13.41 (1.43 - 244.51) 0.020

Location (hilum vs others) 8.30 (1.44 - 72.23) 0.016

Normal liver volume (cm®) 0.89 (0.65 - 1.14) 0.375

Total tumor diameter (cm) and liver volume (per 100-cm® increase) were set as a continuous variable. ALBI: albumin-bilirubin, CP grade: Child-Pugh grade, CI:
confidence interval, RILD: radiation-induced liver disease

Casel Case?2
XRT PBT XRT PBT

7
7
M 65
I
B
=
=i
O
B 1000
Case detall Case 1: Peripheral tumor Case 2: Multiple tumors at hilum
Location, Diameter Segment 6: 38 mm Segment 1: 9mm Segment 2: 5mm
Normal liver volume 1503.5 cm?3 2164.4 cm?
Child-Pugh / ALBI grade A/ A/A
Dose/ Fractions 76Gy(E)/ 20fr 76Gy(E)/ 20fr
Model ANTCP(%)
Dawson (2002) < 0.1 <0.1
Cheng (2004) <0.1 1.5
Xu (2006) <01 3.7
Pursley (2020) <01 121

(=2 CP score increase)

Pursley (2020)

(=1 ALBI grade increase) 0.3 78

Fig. 3. Cases of the XRT and PBT-plans. ALBI: albumin-bilirubin, NTCP: normal tissue complication probability; PBT: proton beam therapy; XRT: X-ray therapy.
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Some of the limitations of this study are as follows. The present study
was conducted to investigate hepatic toxicity in patients with Child-
Pugh grade A, with a maximum tumor diameter of < 5 cm. The re-
sults of this study show a need to investigate more diverse cohorts of
liver tumors receiving proton or photon therapy. In addition, the NTCP
value may be influenced by the difference in planning volume between
XRT and PBT. For example, in the PBT-plan of case 2 (Fig. 3), the
margins of 5-8 mm are given for the proximal and distal directions as the
range uncertainties (beam range of 3.5%-+1mm). Therefore, the plan-
ning volume would be larger than with XRT, which may affect the NTCP
value calculated by the normal liver volume (Liver-GTV). Another lim-
itation is the differences in plan optimization methods. The PBT-plan
was robustly optimized, but XRT was PTV based in this study. Kore-
vaar et al. reported a practical approach to robustness evaluation for
PTV-less photon and proton treatment toward model-based selection
[28]. Miura et al. studied the robust optimization of VMAT for liver
cancer and they concluded that it could be feasible [29]. Compared to
XRT, PBT is known to be less robust in the patient setup and motion,
which may deteriorate the target dose. In clinical practice, management
of intra/ inter-fractional variations in PBT need to be carefully consid-
ered to deliver the planned target dose and ensure the NTCP superiority.

Conclusions

The total tumor diameter, tumor location, and number of tumors
were important factors to predict benefits of PBT in CP grade A. These
factors may allow us to predict the benefits of PBT in advance.
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