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ABSTRACT

Unirradiated liver volume (ULV) preservation rate is an important factor associated with radiation-induced liver
disease (RILD) in patients with hepatocellular carcinoma (HCC) undergoing proton beam therapy (PBT). The
purpose of this study is to identify the predictors for ULV preservation and quantify the capacity of proton beams
in normal liver sparing during PBT. We reviewed planning data of 92 patients with single intrahepatic HCC tumors
undergoing PBT. The potential clinical and planning factors that may affect ULV preservation were involved in
multiple linear regression for ULV preservation rate. The significant factors were determined to be predictors and their
influences were quantified. The median ULV preservation rate was 62.08%. All the assessed clinical factors showed
significant effects on ULV preservation rate: clinical target volume (CTV), P < 0.001; portal vein tumor thrombosis
(PVTT), P = 0.010; left lobe tumor, P = 0.010. In contrast, none of the planning factors demonstrated significance.
The coeflicients of significant factors in multiple linear regression were 60.85 for intercept, —0.02 for CT'V, —9.01 for
PVTT and 8.31 for left lobe tumors. The capacity of proton beams to spare normal liver tissue during PBT for HCC
is mainly affected by clinical factors. The baseline of the ULV preservation rate is 60.85%, decreasing 0.02% with each
milliliter of CTV increase and 9.01% for tumors with PVTT, and increasing 8.31% for tumors limited to the left lobe.

Further clinical studies should be carried out to correlate our dosimetric findings with clinical outcomes.
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INTRODUCTION

Proton beam therapy (PBT) is effective and safe in treating hepato-
cellular carcinoma (HCC) [1-3]. The local control rate and overall
survival of the treatment are encouragingly high [4-8]. The abrupt
dose falloff beyond the Bragg peak with no exit dose along the beam
path confers unique dosimetric advantages on PBT for HCC [9]. It is
especially feasible to apply PBT for large tumors or tumors with portal
vein tumor thrombosis (PVTT) [10, 11].

Despite the advantages of PBT, radiation-induced liver disease
(RILD) may still occur after treatment [6, 12—14]. Posttreatment liver
decompensation is a possible cause associated with survival [15, 16].
Other than underlying liver function, radiation dose delivered to the

normal liver is an important predictor of RILD [17, 18]. For PBT,
the percentage volume of normal liver that is not irradiated, called
unirradiated liver volume (ULV) preservation rate, independently
predicts RILD in patients with HCC [17, 18]. This is the essential
dosimetric parameter with respect to the area of normal liver
eliminating low-dose bath that may translate into clinical outcomes
[16,17].

Understanding more about ULV preservation rates is critical. How-
ever, publications focusing on this from a dosimetric aspect are lack-
ing. It is difficult for medical professionals to know the ideal liver
doses for individual patients, and how to minimize the doses received
by patients, if their fundamental knowledge is deficient. In addition,
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Table 1. Characteristics of clinical and planning factors

All patients (n=92)
% (No.) or median (range)

Clinical factors
CTV (mL) 95.36 (5.42-1634.69)
PVTT
No 79.3% (73)
Yes 20.7% (19)
Tumor location
Left lobe 22.8% (21)
Right lobe 59.8% (55)
Bilateral lobes 13.0% (12)
Caudate lobe 4.4% (4)
Planning factors
Number of proton beams
1 2.2% (2)
2 75.0% (69)
3 22.8% (21)

Angle between proton 60.0 (0.0-180.0)

beams (degrees)

multiple factors may affect the ULV preservation rate and could be clin-
ical or planning characteristics. The influence of each factor is different
and the overall influences are complex, so clinical decisions may be
more appropriate if the influence of each factor is well-understood. The
aim of this study is to identify the factors significantly affecting ULV
preservation, measure each of their influences on the preservation rate,
and use them as predictors to quantify the capacity of proton beams in
normal liver sparing during PBT to help medical professionals have an
integrated concept of this issue in order to assist patients with HCC in
the goal of liver preservation.

MATERIALS AND METHODS

Patients and clinical characteristics
With the ethical approval of our institutional review board, 92 eligible
patients with HCC consecutively undergoing PBT at our institution
from 2016 to 2019 were retrospectively reviewed. Each patient had
a single intrahepatic HCC tumor with no prior surgery. The median
clinical target volume (CTV) of the tumors was 95.36 mL. Among
them, 19 patients had tumors with PVTT and 73 patients without.
Tumors located in the right lobe accounted for 59.8% of all tumors.
For the rest, 22.8% were in the left lobe, 13.0% across bilateral lobes
and 4.4% in the caudate lobe, respectively. All patients had a median
of 1032.52 mL for their normal livers. The clinical characteristics are
listed in Table 1.

Equipment for PBT
The machine used for treatment was a ProBEAT model (Hitachi Ltd.,
Tokyo, Japan) with the accelerator type of synchrotron. The treatment
room included a full rotation gantry with double-scattering system and
the availability of three collimators. In the beam path, a ridge filter
generated spread-out Bragg peaks from 10 to 120 mm in steps of 10 mm

Fig. 1. ULV preservation rate is defined as the ratio of ULV (red
line) receiving a total dose <0.1 Gy(RBE) during PBT, to NLV,
which is the whole liver volume minus CTV (white line).

in the depth direction, a range shifter was used to control the beam
ends and a compensator was made for each beam to form a distal
shape. Two dose monitors on the gantry were employed to control the
absolute dose. For accessory equipment, fluoroscopy with two imaging
intensifiers in the frontal and lateral views was applied for position
verification. Respiratory gating using a system of laser-displacement
sensors (Keyence Corp., Osaka, Japan) was employed for all patients
with HCC to treat them at the end of exhalation. More details of the
equipment are given in [19].

Treatment planning and planning characteristics
The treatment planning system was the VQA (Hitachi Ltd., Tokyo,
Japan). The protocol of prescribed dose involved 66 Gy(RBE) in 10
fractions, 72.6 Gy(RBE) in 22 fractions, 74 Gy(RBE) in 37 fractions
and 77 Gy(RBE) in 35 fractions depending on the tumor location [19,
20]. The main scheme was to cover the entire CTV with adequate sur-
rounding margins by the prescribed dose while sparing adjacent organs
at risk (OAR) as much as possible without a fixed eligible threshold for
ULV preservation rate. The margins surrounding the CTV included a
general lateral margin of 9-10 mm, an additional respiratory margin
of S mm downward and a distal margin of 5-6 mm. The treatment
planning was coplanar using 1-3 ports of proton beam with 0.0-180.0
degrees between bilateral ports, where 0.0 degrees indicates only 1 port
of proton beam was used. The planning characteristics are also listed in
Table 1.

ULV preservation rate
Fig. 1 illustrates the concept of ULV and normal liver volume
(NLV). ULV is defined as the liver volume that receives a total dose
<0.1 Gy(RBE) during PBT and NLV is defined as the whole liver
volume minus CTV. NLV is presented in the following formula:

NLV = whole liver volume — CTV
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For the ULV preservation rate, the definition is the ratio of ULV to
NLV, where ULV is the numerator and NLV is the denominator. It is
presented in the following formula:

ULV
ULV preservation rate [%] = —— x 100%
NLV

Data analysis

Our first goal is to identify the clinical and planning factors significantly
affecting ULV preservation rate. Individual factors were statistically
tested for ULV preservation rate by multiple regression analysis, and
significant factors in the multiple regression analysis were determined
to be the predictors for ULV preservation rate. The Djgp and D,y of
CTV were also involved in the statistical analysis to understand the
benchmark of the results of ULV preservation rate.

Our second goal is to quantify the influences of the significant
factors on ULV preservation rate using multiple regression analysis
to construct a predictive model. The factors showing significance in
the multiple regression analysis with their coefficients constituted the
model. The final model was further verified by the model performance
metrics for model evaluation and selection.

Statistics

Multiple linear regression was used for multiple regression analysis
to identify and quantify the influences of individual factors on ULV
preservation rate. It was also the method for statistical analysis in
which the Djgp and D,p,x of CTV were involved. One-way analysis
of variance with Bonferroni correction for multiple comparisons and
independent-samples t-test were employed for subgroup analyses of
tumor location. Akaike information criterion (AIC) was the model
performance metric for model evaluation and selection. A P value
< 0.0S was considered significant in the statistical tests. All of the
statistical calculations and figure illustrations were applied in the R
version 3.5.2., a programming language and software environment for
statistical computing and graphics supported by the R Foundation for
Statistical Computing.

RESULTS
The median ULV preservation rate and ULV for all patients were
62.08% and 635.06 mL, respectively. Patients with ULV preservation
rate > 40% and ULV > 350 mL accounted for the majorities, respec-
tively with 83 and 84 patients out of 92 assessed patients.

Factors affecting ULV preservation rate
Table 2 summarizes the discrepancies in ULV preservation rates
between individuals or groups for each investigated factor. In general,
only clinical factors showed statistically different rates between
individuals or groups, not planning factors. For clinical factors,
advanced tumors with larger CTV or PVTT resulted in worse ULV
preservation rates (P < 0.001 and P =0.010, respectively). In addition,
tumor location was a significant factor, meaning that tumors located
in different lobes had distinct ULV preservation rates (P = 0.010).
Multiple comparisons indicated that the overall difference came from
the pairwise differences of left and right lobes (P = 0.019) and of left
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and bilateral lobes (P = 0.041). Figure 2 shows a boxplot denoting
the disparity of ULV preservation rates regarding tumors limited to
the left and other lobes. The median preservation rate of left lobe
was 70.98%, which was significantly higher than the 59.48% rate of
other lobes (P = 0.001). For planning factors, ULV preservation rates
were statistically equivalent with respect to various numbers of proton
beams (P = 0.744) or angles between proton beams (P = 0.256) used
in treatment planning.

DIOO and Dmax of CTV

Table 3 summarizes the D g9 and D,,x of CTV corresponding to indi-
vidual groups of factors. Basically, the results demonstrated steady
CTV coverage and hotspots. The medians of Doy were within 90—
100%, except for the plans using 1 port of beam. In addition, the
medians of D,,,, were all within 100-105%. Among them, CTV was
the only factor that led to a statistically significant trend of worse
CTV coverage and higher hotspots when the CTV volume increased
(P < 0.001 and P = 0.00S, respectively). However, the absolute dis-
crepancies were minimal. The whole picture indicates that the results
of ULV preservation rates in the study were based on a benchmark of
equivalent Do and D e of CTV.

Quantification of influences on ULV preservation rate
The coefficients of significant factors in the multiple regression analysis
were 60.85 for intercept (P < 0.001), —0.02 for CTV (P < 0.001),
—9.01 for PVTT (P=0.010) and 8.31 for left lobe tumors (P = 0.010).
The predictive model used to quantify the influences on ULV preser-
vation rate is then as follows:

ULV preservation rate %] = 60.85 — 0.02 (CTV) — 9.01

(PVTT) + 8.31 (left lobe)

where PVTT and left lobe tumor are yes—no categorical predictors, and
CTV is a continuously numerical predictor.

Fig. 3 illustrates how the ULV preservation rate decreased in
accordance with the CTV increase. The baseline of ULV preservation
rate, which represents the CTV as 0 mL, was 60.85% and decreased
0.02% with each CTV increase per milliliter. This precise prediction
(P < 0.001) was probably related to the predictions of ULV by CTV
(P =0.012) and NLV by CTV (P = 0.678), respectively presented
in Figs 4 and 5, as ULV preservation rate is a volumetric parameter
derived from the ratio of ULV to NLV.

According to Fig. 3, the majority of patients had tumors with
CTV < 800 mL, which means the tumors were smaller than ~11.5 cm
in diameter if they were spherical. For this subgroup, the multiple
regression analysis showed that the coeflicients of significant factors
were 57.91 for intercept (P < 0.001), —0.055 for CTV (P < 0.001)
and 8.97 for left lobe tumors (P = 0.003). PVTT was no longer a
predictor for ULV preservation rate (P = 0.489). The predictive model
for CTV < 800 mL is then as follows:

ULV preservation ratecry<goo mr [%] = 57.91 — 0.055

(CTV) + 8.97 (leftlobe)
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Table 2. ULV preservation rates for different groups of clinical and planning factors

ULV preservation rate P-Value
% Median (range)
Clinical factors
CTV (mL) <0.001%
<95.36 71.97% (43.67-90.16)
> 95.36 51.58% (26.25-85.93)
PVTT 0.010*
No 68.44% (31.73-90.16)
Yes 48.34% (26.25-76.65)
Tumor location 0.010*
Left lobe 70.98% (43.66-90.16)
Right lobe 59.51% (26.25-87.48)
Bilateral lobes 54.89% (26.67-80.36)
Caudate lobe 72.30% (39.03-83.68)
Planning factors
Number of proton beams 0.744
1 56.30% (51.49-61.11)
2 61.02% (26.25-90.16)
3 68.60% (31.73-84.28)
Angle between proton beams 0.256
(degrees)
<60 61.11% (34.08-87.48)
=60 58.54% (34.68-90.16)
>60 68.28% (26.25-88.50)

*Statistical significance.

90

80

70

60

ULV preservation rate [%)]

T-test, p = 0.001

T
Left lobe

Tumor location

Fig. 2. Tumors limited to the left lobe have higher ULV preservation rates.

Verification of influence model by AIC
For the general model, the AIC value of the original model was
730.44, which was smaller than the AIC values of the models without
CTV (750.03), PVTT (736.23) or left lobe tumor (735.28). The

was verified. For the model of CTV < 800 mL, the AIC value was
677.85, which was smaller than the AIC values of the models with
PVTT (678.43) or without CTV (718.37) or left lobe tumor (685.79)
as predictors. The original model for CTV < 800 mL was also

original model with CTV, PVTT and left lobe tumor as predictors  verified.

T
Others
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Table 3. Djgp and Dy,x of CTV for different groups of clinical and planning factors

Digo P-Value Donax P-Value
% Median (range) % Median (range)
Clinical factors
CTV (mL) <0.001% 0.005*
<95.36 97.52% (28.24-107.02) 102.31% (100.83-110.47)
> 95.36 93.67% (13.91-101.67) 103.38% (99.49-120.00)
PVTT 0.128 0.068
No 96.97% (13.91-107.02) 102.62% (100.83-114.85)
Yes 92.41% (73.38-98.48) 104.05% (99.49-120.00)
Tumor location 0.993 0.726
Left lobe 96.67% (67.08-101.52) 102.62% (101.36-106.22)
Right lobe 96.14% (28.24-101.67) 102.89% (100.83-120.00)
Bilateral lobes 93.25% (13.91-107.02) 103.24% (99.49-110.47)
Caudate lobe 98.48% (95.69-99.31) 102.62% (100.83-106.72)
Planning factors
Number of proton beams 0.654 0.749
1 78.40% (67.27-89.53) 103.62% (103.44-103.79)
2 97.11% (13.91-101.67) 102.89% (99.49-120.00)
3 95.04% (58.51-107.02) 102.58% (101.67-110.47)
Angle between proton 0.041* 0.407
beams (degrees)
<60 95.73% (13.91-101.67) 102.89% (101.36-114.85)
=60 97.84% (89.26-99.72) 101.65% (100.83-103.78)
>60 96.03% (58.51-107.02) 103.03% (99.49-120.00)

*Statistical significance.

ULV preservation rate [%)

800 1000 1200 1400 1600

CTVmL]

Fig. 3. The scatter diagram to demonstrate the correlation between ULV preservation rate and CTV with regression line (straight
black line). The baseline of the ULV preservation rate is 60.85%, decreasing 0.02% with each milliliter of CTV increase and

adjusted by the tumor location and PVTT status.

DISCUSSION
The predictive model from our work provides an integrated estimation
for quantifying the capacity of proton beams in preserving normal liver
tissue during PBT for HCC. The ULV preservation is >60% in general

and is affected by the CTV, PVTT and tumor location. Among them,
CTV is a volumetric parameter that is the most predominant factor
and the influence is in accordance with volume increase per milliliter.
For the other model of CTV < 800 mL, CTV even overtakes the
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Fig. 5. NLV has no correlation with CTV.

importance of PVTT and dominates the ULV preservation. Our
discovery could help medical professionals gain more understanding
of normal liver sparing and may improve clinical decisions such as
the prescribed dose, efforts to minimize the doses to the liver and
the determination of whether to employ PBT. This might be helpful
in establishing more appropriate treatments for patients in clinical
practice.

According to our findings, clinical factors have more influence on
ULV preservation rate than planning factors, meaning that the amount
of normal liver tissue patients can retain depends mainly on their indi-
vidual disease status. However, this general result originates from col-
lective data instead of from an individual patient. Furthermore, RILD
is not the only possible complication of PBT. Although incidences are
low, it is possible to develop gastrointestinal hemorrhage, bile duct
stenosis, chest wall pain and rib fractures [21-24]. In clinical practice,

CTVmL]

it is still crucial to minimize the dose to the liver and other OAR
individually during treatment planning.

In the history of radiotherapy for HCC, the dose—volume parame-
ters used to predict RILD evolved for various types of radiotherapy
modality. For photon beam therapy, mean liver dose and Vjog,
appeared to be the useful parameters in conformal radiotherapy [25,
26]. The normal tissue complication probability (NTCP) models
involving mean liver dose and generalized equivalent uniform dose
were also developed to estimate the risk of RILD [27, 28]. The concept
of normal liver sparing in terms of achieving a certain amount of
preserved liver receiving a dose under a certain threshold arose in
the era of stereotactic body radiation therapy (SBRT). The thresholds
of 800 mL < 18 Gy and 700 mL < 1S5 Gy were raised concerning liver
SBRT for unresectable primary HCC and liver metastases, respectively
[29,30].
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With regard to PBT, new evidence supporting the importance of
ULV has been published [16, 17, 31]. A study by Sanford et al. com-
pared the overall survival of patients receiving PBT vs photon beam
therapy for HCC. They hypothesized that the Bragg peak phenomenon
inherent to protons, which eliminates the low-dose bath distal to the
target beam path associated with photons, translates into improved
survival, with a median of 31 vs 14 months [16]. However, despite
the authors’ conclusion that the survival benefit may be driven by a
decreased incidence ofliver decompensation, caution must be taken in
making this causal inference before a prospective randomized clinical
trial proves it [31]. Until now, the most irrefutable fact has been the
correlation between liver dose and RILD. A study by Hsieh et al.
proved the ratio of ULV to standard liver volume (ULV/SLV) derived
from body surface area (a concept similar to the ULV preservation
rate in our study) independently predicts RILD in patients with HCC
undergoing PBT instead of mean liver dose [17]. Further prospective
studies involving ULV/SLV or ULV preservation rate have potential
and are encouraged.

In our study, we assessed absolute liver volumes, including ULV
and NLV; as a dosimetric study so that physical parameters were better
entities for analysis. In another clinical study, Hsieh et al. adopted SLV
in RILD estimations [17]. Lee et al. proposed using individualized con-
straints with SLV for patients with NLV < 800 mL [32]. Schaub et al.
used functional liver volume derived from *™Tc-sulfur colloid-single
photon emission computed tomography/computed tomography scans
as complementary predictors of hepatotoxicity [33]. It is feasible to
apply an additional ratio between physical and biomedical volumes to
integrate the dosimetric results of our study in clinical applications.

Patients with advanced HCC have worse clinical outcomes. In spite
of the effectiveness of PBT, the median survival of patients with large
tumors or PVTT is between 1 and 2 years [34, 35 ]. In contrast, patients
with tumor diameters of <10 cm that are >2 cm away from the porta
hepatis or digestive tract survive a median of nearly 3 years [36, 37].
Although this is not caused by the treatment but the disease statusiitself,
patients with large tumors or PVTT also have worse ULV preservation
rates during PBT. It is difficult to preserve normal liver tissue in cases
of large and deep tumors. This kind of ‘double trouble’ regarding sur-
vival and the risk of RILD requires more effort in the management of
advanced tumors.

The discovery of tumor location affecting normal liver preserva-
tion is noteworthy. We find that a liver with a left lobe tumor can
be preserved more successfully. The ULV preservation rate is ~70%,
compared with tumors in the right or bilateral lobes with ULV preser-
vation rates < 60%. Regarding the caudate lobe, the ULV preservation
rate in our study was high, but the number of patients was only four.
Conclusions of liver preservation for this specific location require more
analyzed data. Nevertheless, as a discrepancy in ULV preservation
rate >10% exists corresponding to tumor location, clinical outcomes
concerning tumors in different lobes may be worthy of further study.

This study has some limitations. First, it was a dosimetric study
using planning data to untie the complexity of ULV preservation during
PBT for patients with HCC. Although the results were clear and mean-
ingful, it was a planning study yielding logical guidance originating
from numerical data. Radiotherapy is carried out for better clinical
outcomes of patients rather than merely for better treatment planning
parameters. Therefore, further studies correlating our results to clinical
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outcomes to examine whether our dosimetric inference will finally
lead to clinical significance are needed. Second, planning factors did
not demonstrate significance in the study. Care should be taken in
interpreting this result. Being unable to demonstrate significance is not
equivalent to being able to prove insignificance. Due to the retrospec-
tive nature of this study, the result does not provide evidence to totally
exclude the potential importance of planning factors. Third, despite
the quantification of the influences on ULV preservation rate based
on steady CTV coverage and hotspots and the fact that the absolute
discrepancies in Djgp and D,y,x were minimal, the medians of D
and D,,,, were not exactly the same between groups and even showed
statistical significances with regard to different sizes of CTV. The larger
the CTV was, the worse the CTV coverage and hotspots presented.
However, this situation also indicates that if the CTV coverage and
hotspots are equal, which means the tumor dose is better so that
the normal liver preservation is worse, the result of the correlation
between ULV preservation rate and CTV will be more significant.
Fourth, the patients were treated by passive scattered proton beams
instead of an active beam scanning technique. Scanning beams have
advantages in the out-of-field absorbed dose in the entrance region
over scattered beams [38]. In addition, different treatment modalities
such as carbon-ion radiotherapy and X-ray therapy would have large
differences in physical characteristics, especially for the dose distri-
butions in low-dose ranges. As this study was conducted in a single
institution with only scattered proton beams, attention must be paid to
further improvements in treatment techniques using different modali-
ties, which may provide opportunities to reverse our findings.

CONCLUSIONS

According to our results, the capacity of proton beams in preserving
normal liver tissue during PBT for HCC is mainly affected by clinical
factors, as opposed to planning factors. The influences are complex
and involve CTV, PVTT and tumor location. The predictive model
from our work helps give more understanding of the influencing effects.
The ULV preservation is >60% in general, decreasing 0.02% with
each milliliter of CTV increase and 9.01% for tumors with PVTT, and
increasing 8.31% for tumors limited to the left lobe. These dosimetric
findings support the worth of further clinical investigations assessing
clinical outcomes with individual clinical factors, which may improve
treatments for patients with HCC.
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