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Abstract

Purpose: To investigate the role of intensity-modulated proton therapy (IMPT) for hepatocellular carcinoma (HCC) patients to
be treated with stereotactic body radiation therapy (SBRT) in a risk-adapted dose prescription regimen. Methods: A cohort of
30 patients was retrospectively selected as “at-risk” of dose de-escalation due to the proximity of the target volumes to dose-
limiting healthy structures. IMPT plans were compared to volumetric modulated arc therapy (VMAT) RapidArc (RA) plans. The
maximum dose prescription foreseen was 75 Gy in 3 fractions. The dosimetric analysis was performed on several quantitative
metrics on the target volumes and organs at risk to identify the relative improvement of IMPT over VMAT and to determine if IMPT
could mitigate the need of dose reduction and quantify the consequent potential patient accrual rate for protons. Results: IMPT and
VMAT plans resulted in equivalent target dose distributions: both could ensure the required coverage for CTV and PTV. Sys-
tematic and significant improvements were observed with IMPT for all organs at risk and metrics. An average gain of 9.0 + 11.6,
85+ 77,59 +7.1,42 + 64,89 + 7.1,6.7 + 7.5 Gy was found in the near-to-maximum doses for the ribs, chest wall, heart,
duodenum, stomach and bowel bag respectively. Twenty patients violated one or more binding constraints with RA, while only 2
with IMPT. For all these patients, some dose de-intensification would have been required to respect the constraints. For photons,
the maximum allowed dose ranged from 15.0 to 20.63 Gy per fraction while for the 2 proton cases it would have been 18.75 or
20.63 Gy. Conclusion: The results of this in-silico planning study suggests that IMPT might result in advantages compared to
photon-based VMAT for HCC patients to be treated with ablative SBRT. In particular, the dosimetric characteristics of protons
may avoid the need for dose de-escalation in a risk-adapted prescription regimen for those patients with lesions located in
proximity of dose-limiting healthy structures. Depending on the selection thresholds, the number of patients eligible for treat-
ment at the full dose can be significantly increased with protons.
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ablative intent for the treatment of HCC was reported by [anon-
ymized]® for a regimen of 3 fractions of 25 Gy each. The study
included 43 patients treated with a risk-adapted scheme with
64% local control (LC) at 2 years and median overall survival
(OS) of 18 months (45% survival at 2 years). The routine
clinical practice on this subset of patients was based on this
study in our institute. This aggressive fractionation scheme
might not be absolutely necessary, at least for patients with
targets near to normal tissues as demonstrated, e.g. by Duran-
Labruine et al” or Yoon et al® with 45 Gy in 3 fractions, by Su
et al” with 42-48 Gy in 3 fractions, all with a biological equiv-
alent dose (BED) greater than 100 Gy.

The evidence of the role of proton beam therapy (PBT) in
HCC is increasing, as shown in Yeung’s review study.'® Proton
therapy may offer improved control rates with reduced toxicity
levels due to its dosimetric features. In this perspective, the
consensus report from the liver proton therapy conference held
in Miami in 2018'" analyzed the optimal utilization of PBT,
concluding that it should be preferred when a suboptimal ther-
apeutic ratio would be expected from photon therapy.

Hasan et al'? analyzed the effects of dose escalation in a
propensity-matched study from cancer registry and showed an
increased survival for patients treated with protons compared to
photon-based SBRT. Hsu et al'® reviewed the use of charged
particle therapy (proton or ions) and confirmed the better LC
and OS rates compared to photon beam therapy. Chada et al'*
reported positive outcome results for localized unresectable
HCC patients treated with moderate hypofractionation regi-
mens. Sanford et al'> demonstrated that proton therapy was
associated with improved survival and decreased risk of
radiation-induced liver disease.

SBRT endeavors to respect the dose-volume constraints on
organs at risk (OAR) in the proximity of the target in HCC
patients. Kim et al'® reviewed a cohort of 243 patients who
received a risk-adapted moderate SBRT proton treatment and
concluded that protons have the potential to play a positive role
across all stages of HCC. Mondlane et al'” performed a plan-
ning study on 10 patients previously treated with SBRT and
compared the original photon plan to the intensity-modulated
proton therapy (IMPT). The study demonstrated a significant
decrease of the mean doses to the relevant organs at risk and the
non-targeted part of the liver while maintaining similar target
coverage. Gandhi et al'® simulated spherical tumors from 1 to
6 cm in diameter and located in 4 locations in the liver (dome,
caudal, left medial and central). A decision model to predict the
optimal modality was developed and validated on 10 real
patients. The authors concluded that protons should be consid-
ered as preferable for the dome and central lesions greater than
3 cm in diameter. Protons were also recommended for any
lesion greater than 5 cm if the photon plans would fail in
achieving the thresholds for either target coverage or mean
dose to the non-targeted liver.

In an earlier study, we investigated the role of IMPT for
ablative SBRT and showed the feasibility of the method, also
applying robust optimization (RO) in a cohort of 20 patients
with advanced HCC and planned for 60 Gy in 3 fractions.'’

The aim of the present study, in line with the consensus
report,'' was to investigate the role of IMPT compared to
VMAT in mitigating the need for dose de-escalation in a
risk-adapted prescription scheme starting from a more aggres-
sive regimen of 3 fractions of 25 Gy each as in.® It is clear that,
with a gentler regimen (e.g 45 Gy) fewer patients might be
exposed to the risk of dose de-escalation. This limitation,
acknowledged as an a-priori fact, should not invalidated the
scope of the investigation which is the appraisal of the potential
role of IMPT. A cohort of potentially challenging patients was
retrospectively chosen from the clinical database and re-
planned for proton therapy, which was subsequently compared
to photon plans.

Materials and Methods

Patient Selection, Contouring and Dose Prescription

A group of 30 patients was selected for this retrospective in-
silico planning study (with notified prior approval from the
ethics committee). All patients were unsuitable for other
loco-regional therapies and were previously treated with
stereotactic ablative radiation therapy, as described in.® All
patients signed informed consent to have data from their med-
ical records used for research purpose. Patients were selected if
one or more dose-volume planning aim with respect to the
OARs resulted challenging or even unmet with the full dose
prescription due to the position of the lesion.

All patients were scanned for imaging and treated under
abdominal compression (AC) conditions. This was realized
by means of thermoplastic body masks which included Styro-
foam blocks to minimize the respiratory organ motion. The
gross tumor volume (GTV) was defined on contrast-enhanced
time-resolved planning computed tomography (4D-CT) co-
registered with magnetic resonance images (MRI) to better
identify the lesions. The clinical target volume (CTV) corre-
sponded to the GTV. The planning target volume (PTV) was
generated from the CTV by adding an overall isotropic margin
of 4-6 mm in all directions.

The organs at risk (OAR) considered for the study were: the
spinal cord, the kidneys, the stomach, the duodenum, the bowel
bag, the heart, the ribs, the chest wall and the healthy liver
(defined as the whole liver minus the PTV). Central hepato-
biliary structures (CHB), not considered in clinical practice,
were retrospectively added for the study. These were defined
with an isotropic expansion of 15 mm from the portal vein as
described by Toesca et al.>**?

The dose prescription was of 75 Gy in 3 fractions of 25 Gy
normalized to the mean dose to the clinical target volume. The
prescribed dose could be reduced according to an adaptive risk
scheme if any dose-volume objective for the OARs would have
been violated. The possible reduced dose levels were 22.50,
20.63, 18.75, 16.00, 15.00 Gy for 3 fractions.

The plan objective was to cover at least 98% of the CTV
with 98% (Dogo, > 98%) of the prescribed dose and for the

PTV to cover 95% of the volume with the 95% isodose
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Table 1. Summary of the Quantitative Analysis of the Dose-Volume Histograms for the Main Structures Over the Entire Cohort of Patients for
the RapidArc Based Photon Plans and the Intensity-Modulated Proton Plans.

Structure Objective IMPT RA A p
CTV

Dinean [GY] =75 75.0 + 0.0 75.0 + 0.0 - -

D98% [Gy] >73.5 (98%) 73.7 + 0.6 [72.9;74.5] 73.8 + 0.5 [72.7;74.5] —0.1 + 0.6 [—1.2;1.7] ns

D1% [Gy] - 77.1 + 1.1 [75.7;79.5] 76.5 + 0.5 [75.6;77.6] 0.6 + 1.1 [-1.7;3.3] ns

HI [%)] <5 3.0 + 1.2 [1.4;5.6] 2.6 + 1.1[1.0;5.2] 04 + 1.4[-3.4;3.3] ns
PTV
Dinean [GY] =75 74.8 + 0.4 [74.1;75.4] 74.5 + 0.5 [72.9;75.5] 0.3 + 0.4 [-0.5;1.4] ns

D95% [Gy] >71.2 (95%) 71.5 + 2.4 [67.8;74.5] 713 + 1.7 [67.1;73.4] 0.2 + 1.9[-3.7;3.6] ns

D1% [Gy] - 78.4 + 1.3 [76.4;81.7] 77.1 + 0.4 [76.5;78.3] 1.4 + 1.4[-0.6;4.4] 0.003
Liver-PTV

Dinean [GY] <15 6.1 + 2.8 [2.3;14.0] 11.1 + 4.4[3.7;19.0] —4.9 + 3.2 [-11.5;0.7] <0.001

V<15Gy [cm’] >700 1148.8 + 404.2 988.2 + 397.6 155.2 + 167.1 0.001

[705.4;2238.6] [473.1;2103.1] [—105.1;758.3]

Central hepatobiliary structures (CHB)
Diean [GY] <16.5 12.2 + 15.3 [0.0;60.5] 17.9 + 16.2 [0.6; —63.6] —5.7 + 6.0 [-23.5;3.8] <0.001
Vis.say [cm’] <45 26.1 + 29.1[0.0;113.0] 389 + 36.9[0.0;123.7] —12.8 + 19.3[—65.5;25.1]  <0.001
V2256y [cm’] <37 23.4 + 27.5[0.0;113.0] 32.8 + 34.2[0.0;122.6] —9.5 + 14.6 [-48.3;21.1] <0.001
Ribs

Dsems [Gy] <30 23.8 + 12.2 [0.0;70.6] 327 + 16.7 [1.1;72.6] —9.0 + 11.6 [—39.5;6.6] 0.001
Chest wall

Dspems [em®] <30 13.4 + 9.8 [0.0;29.7] 21.5-11.2 [0.2;46.6] —8.5 + 7.7 [-26.9; —0.2] 0.03
Heart

Dinean [GY] <4.0 0.1 + 0.2 [0.0;0.5] 2.0 + 1.9[0.1;7.2] —-1.9 + 1.8 [-6.7; —0.1] <0.001

Diems [GY] <30 8.7 + 12.2 [0.0;30.0] 14.9 + 14.0 [0.3;44.1] —5.9 + 7.1 [-33.2;4.3] <0.001
Duodenum

Diems [GY] <21 2.4 + 5.8[0.0;20.4] 6.6 + 7.7[0.3;24.5] —4.2 + 6.4[—-23.3;54] <0.001
Stomach

Diems [Gy] <21 2.4 + 5.9[0.0;20.6] 11.6 + 7.5[0.7;28.9] —8.9 + 7.1 [—25.3;3.3] <0.001
Bowel bag

Diems [GY] <21 3.6 + 7.4 0.0;24.4] 10.8 + 12.6 [0.3;54.9] —6.7 + 7.5 [-30.5;6.8] <0.001
Spinal cord

Diems [Gy] <18 1.2 + 3.8[0.0;13.7] 9.8 + 5.0[2.8;20.7] —1.5 + 5.1 [-24.0;0.2] <0.001
Right kidney

Deso [%] <15 0.1 + 0.1[0.0;0.2] 0.6 + 0.6 [0.1;2.1] —0.6 + 0.6 [-1.9; —0.1] <0.001
Left kidney

D3y [%] <15 0.0 £+ 0.0 [0.0;0.0] 1.1 + 2.1[0.1;7.5] —1.1 £ 2.1 [-7.4; —0.1] <0.001

RA = RapidArc, IMPT = intensity modulated proton therapy; D, = dose received by x% or x cm® of the volume. Dyyean, = mean dose, Vx = volume receiving less

then xGy. HI = homogeneity index (Ds-Dos/Dmean)-

(Doso, > 95%); Dy is the minimum dose that covers an x frac-
tion of volume (in % or cm®). The planning objectives for each
OAR are reported in Table 1. No explicit optimization con-
straints were applied to the CHB structure; tolerance thresholds
were defined in accordance with®*>* and were used for report-
ing purposes only.

Photon Planning

Volumetric modulated arc therapy in the RapidArc (RA) form
was applied to all patients. Plans were designed for a True-
Beam linear accelerator (Varian Medical Systems, Palo Alto,
USA) equipped with a Millennium multileaf collimator with a
resolution of 5 mm at isocenter using 10 MV flattening filter
free photon beams. The optimization was performed with the
Eclipse treatment planning system (Varian Medical Systems,
Palo Alto, USA) using the Photon Optimizer algorithm (v.15.6)

implemented in the Eclipse planning system. Plans were opti-
mized with 2 partial arcs with a case-by-case setting of the
start/stop gantry angles, collimator angle and jaw settings to
account for each target specificity. The final dose calculation
was performed by means of the Acuros-XB (v.15.6) engine.23

Proton Planning

Intensity-modulated proton therapy plans were created using
pencil beam spot scanning similarly to what described in.'® The
ProBeam proton system (Varian Medical Systems, Palo Alto,
USA) was used as a source of beam data. The dose distribution
optimization was performed using the fluence-based nonlinear
universal Proton Optimizer (NUPO, v15.6)'® and the Proton
Convolution Superposition algorithm (v15.6) was used for the
final dose calculation. A constant RBE of 1.1 was applied. Spot
spacing was set to 4.25 times the energy-dependent in-air full
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Figure 1. The dose distribution in an axial plane for 3 patients failing in one or more constraints. In the first patient (left column), the constraints
on the ribs were violated by both the RA and IMPT plans, the color wash set from 30 to 80 Gy. In the second case (right column) the RA plan
violated the stomach maximum dose (color wash from 21 to 80 Gy) while in the third case (central column) RA violated the limits on the healthy

liver sparing (color wash from 15 to 80 Gy).

width half maximum spot size at isocenter. To account for
“penumbra” effects and improve target coverage, circular axial
margins of 3 mm from the PTV were applied both in the prox-
imal and distal directions to enable spot positioning slightly
outside the PTV volume. The multi-field simultaneous spot
optimization method was selected for all plans. Unlimited opti-
mization was applied, i.e. no restrictions were applied to the
dynamic range of intensity modulation or the allowed intensity
gradients.

All patients were planned with 2 or 3 beams, the entrance
angle of which was tuned according to the target position in the
patient. RO, as implemented in the Eclipse system was applied
considering + 3 mm shifts in the isocenter along each axis and
+3% in beam range to the CTV and aimed at minimizing the
trade-offs due to the applied uncertainties to the dose-volume
constraints in the cost function, as discussed in.'®

Quantitative Assessment of Dose-Volume Metrics

Quantitative metrics were derived from the dose-volume histo-
grams (DVH) and included the mean dose and a variety of V,
and D, parameters (V, represents the volume receiving at least
an x level of dose in % or Gy). All parameters could be
expressed either in absolute (Gy or cm?) or relative (%) terms.
For the CTV, the homogeneity index (HI = (Ds59%-Do5%)/Dmean)
was scored to measure the variance of the dose. The average
DVHs were computed, for each structure and each cohort, with

a dose binning resolution of 0.02 Gy. Proton doses are reported
in Cobalt equivalent Gy (corrected for the RBE factor).

The Wilcoxon matched-paired signed-rank test was applied
to evaluate the significance of the observed differences. The
threshold for statistical significance was set at <0.05.

Results

Figure 1 shows the dose distribution in an axial plane for some
patients failing in one or more constraints (showing the plane
where the violation is most evident). In the first patient (left
column), the constraints on the ribs were violated by both the
RA and IMPT plans; the color wash was set from 30 to 80 Gy.
In the second case (central column) RA violated the limits on
healthy liver sparing (color wash from 15 to 80 Gy) while in the
third case (right column) the RA plan violated the stomach
maximum dose (color wash from 21 to 80 Gy).

Figure 2 shows the average dose-volume histograms for the
CTV, the PTV, and all the OARs included in the study. The
detailed numerical summary of the analysis is reported in
Table 1. The mean volume of the PTV corresponded to an
equivalent sphere with a diameter of 5.0 + 1.0 cm and a range
of 3.3 to 6.8 cm.

Concerning the target volumes, both techniques met on
average the coverage constraints for the CTV and the PTV.
For the CTV the constraint of Dggy, > 98% showed a minor



Cozzi et al

cTv PTV Liver—PTV
100 100 F - 100F MPT 3
F —_ R ]
E 80 E 80 E b E 80 E
o E0F v BOF 7 @ 60 E
5 RN 5 E
3 aof 3 aof 1 2 s} 3
= —_ T = Fo—— et > ]
20F RA 20F  ma 7 20 '\ E
o ok 0 3
a 20 40 60 1] 20 40 60 80 [¥] 20 40 B0 80
Dase [Gy] Dose [Gy] Dose [Gy]
Ribs Chest wall Heart
16§ — WPT —_— MPT 100F —_— IMPT ]
—_— A — PRaA —_— RA ]
E 80F 1 E 1 E 80 ]
o 60 E © 3 @ 60F E
£ 5 5 ]
2 40 1 2 1 2 40 E
2 g 2 :
20F : : zof g
0 E 0 3
4] 20 40 60 80 1] 20 49 60 80 O 20 40 B0 80
Dose [Gy] Dose [Gy] Dose [Gy]
Duedenum Stomach Bowel bag
100F —_— NPT ] 100 —_— MPT ] 100F —_— IMPT ]
—_ _— —_ —_— A —_ — RA ]
& a0 1 3 20F . 5 =10 E
o 6&0F E v B0 3 o 60f E
5 5 E ]
3 40 1 2 aof 1 2 4o} 3
£ £ £ ]
20F b 20F ] z0 1
0 0 0 3
Q 20 40 60 g0 0 20 40 60 a0 [+] 20 40 60 80
Dase [Gy] Dose [Gy] Dose [Gy]
Spinal card Right kidney Left kidney
100F —_— T ] 100f —_— MPT ] 100F — PT
= 8o} — ® ] = =f — ™ 1 = aof — "
X, L .t 3
o 60 4 v BOF . @ B0F E
5 5 - E
2 40 1 2 40 1 2 4o} 3
= = = 1
20F b 20 . 20 \ B
0E=——= a 0 3
4] 20 40 60 &0 0 20 44 60 80 [+] 20 40 60 80
Dose [Gy] Dose [Gy] Dose [Gy]

Figure 2. The average dose-volume histograms for the CTV, the PTV and all the OARs accounted in the study.

violation in 5 patients for RA and 10 for IMPT (in all cases with
Dgg% 2 965%)

The violations of the PTV coverage, which were permitted
by the study design, to mitigate the risk of OARs constraints
violations, were 11 for RA and 12 for IMPT with a minimum
coverage of 90.4% for RA and 89.5% for IMPT.

Concerning the organs at risk and the healthy liver tissue,
the IMPT plans showed a systematic and statistically signifi-
cant improvement compared to the RA technique for all
metrics (Table 1).

Both the IMPT and the RA plans respected the dose-volume
objectives in all patients only for the spinal cord and the kid-
neys. In all other structures, the RA plans violated some of the
constraints for some of the patients. The detailed summary of
the case by case analysis is presented in Table 2.

Concerning the gastro-intestinal structures, RA plans
resulted in 2 violations for the duodenum, 3 for the stomach,
4 for the bowel bag. All except one were mitigated by the IMPT
technique. The median sparing effect due to the use of IMPT in
this subsample of cases, resulted in 10.5, 16.1 and 22.6 Gy for
the bowel bag, the duodenum and the stomach, respectively.

Concerning the heart, RA plans resulted in 4 violations for
the mean dose and 5 violations for the Dy .3 constraint. All
were mitigated by the IMPT approach. IMPT resulted in addi-
tional sparing of the heart, compared to RA, of 5.6 Gy and
9.5 Gy for the mean and near-to-maximum doses respectively.

The highest number of violations was observed for the ribs
(12 for RA) and the chest wall (5 for RA). Only one violation
remained for the ribs with the IMPT plans. The improvement
resulting from the use of IMPT was of 14.2 and 16.6 Gy for the
ribs and the chest wall near-to-maximum doses, respectively.

The volume of non-targeted liver receiving less than 15 Gy
did not reach the minimum threshold in 6 cases for RA (none
for IMPT) while the mean dose to the healthy liver (liver-PTV)
exceeded the limit of 15 Gy in 2 patients for RA. The median
gain with IMPT was of 4.9 Gy for the mean liver dose and 155
cm? for the volume receiving less than 15 Gy. Concerning the
CHB structures, on average both IMPT and RA data respected
the clinical thresholds, except for the mean dose to CHB for
RA. However, IMPT allowed significant sparing of these struc-
tures. In total, with RA, 12 patients exceeded the limits for
Dmeans Vis.s gy and Vz; gy. In comparison, with IMPT the
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Table 2. Summary ofthe Violations of the Protocol Dose-Volume Aims:
43 Cases for the RA Plans Reduced to 2 (in Bold) for the IMPT Plans.

Table 3. Summary of the Maximum Allowed Dose per Fractions Due
to De-Escalation Needs.

Patient RA IMPT
P_01 18.75 Gy 25.0 Gy

P_02 15,0 Gy 18.75 Gy

P_03 15.0 Gy 25.0 Gy (18.75)
P_06 15.0 Gy 25.0 Gy

P_09 18.75 Gy (15) 20.63 Gy (18.75)
P_10 18.75 Gy 25.0 Gy

P_12 16.0 Gy 25.0 Gy

P_13 16.0 Gy 25.0 Gy

P_14 16.0 Gy 25.0 Gy (20.63)
P_15 18.75 Gy 25.0 Gy

P_l16 20.63 Gy (18.75) 25.0 Gy

P_17 15.0 Gy 25.0 Gy

P_21 25.0 Gy () 25.0 Gy ()
P_22 15.0 Gy 25.0 Gy

P_24 18.75 Gy 25.0 Gy

P_26 16.0 Gy 25.0 Gy

P_27 22.5 Gy (16) 25.0 Gy (18.75)
P_29 18.75 Gy (*) 25.0 Gy (¥)
P_30 16.0 Gy 25.0 Gy (22.5)
P_33 16.0 Gy (15) 25.0 Gy (18.75)
P_34 18.75 25.0 Gy

RA = RapidArc, IMPT = intensity modulated proton therapy; (*) CHB struc-
ture results largely overlapping with the PTV to be preserved.

number of violations halved to 6 patients; for space reasons in
Table 2 only 1 of the 3 toxicity predictors for CHB was
reported, the results were consistent for the other two.

In summary, with RA, 20 of the 30 patients (67% of the
total)—rising to 21 out of 30 if CHB were included as well—
presented one or more violations of the dose-volume con-
straints. This number dropped to only 2 (7%) in the case of
IMPT. Table 3 summarizes the maximum allowed dose per
fraction in the risk-adapted de-escalation scheme for each
patient in the subgroup; the dose per fraction required to also
respect the limits on the CHB is reported in brackets. For 2
patients (#21 and #29), the CHB resulted largely overlapping
with the PTV to be protected. With IMPT, it would be possible
to prescribe the full dose of 25 Gy in 18/20 cases (90%). These
would reduce to 14/21 (67%) if CHB were considered and
further down to 12/21 (57%) if the 2 cases with PTV-CHB
overlap were excluded. In any case, IMPT plans permitted
either maintaining the nominal maximum prescription or a dose
higher than that with RA for all patients.

Discussion
The present study investigated the merit of IMPT vs VMAT for

Patient RA IMPT A
Ribs D20m3 < 30 Gy [GY]
P_01 55.0 29.6 —25.4
P_02 40.4 27.6 —12.8
P_03 41.1 27.1 —14.0
P_06 49.4 27.8 -21.6
P_09 59.9 57.8 -2.1
P_l6 39.8 279 —11.9
P_17 49.1 29.0 —20.1
P_22 56.2 28.6 —27.6
P_24 37.8 25.7 —12.1
P_26 43.5 29.2 —14.3
P_33 43.7 18.6 —25.1
P_34 39.4 25.5 —13.9
Chest wall D3gpems < 30 Gy [Gy]
P_01 46.5 26.8 —19.7
P_09 32.0 29.7 -23
P_22 33.9 17.3 —16.6
P_24 349 21.3 —13.6
P_33 37.2 13.5 —23.7
Liver-PTV Dmean < 15 Gy [Gy]
P_10 19.0 7.5 —11.5
P_29 17.8 8.2 —9..6
Liver Volume receiving less than 15 Gy > 700 cm® [em®]
P_01 635 918 283
P_02 569 768 199
P_03 609 987 378
P_09 677 730 53
P_27 608 750 142
P_30 473 705 232
Central hepato biliary structures (CHB) [Gy]
P_01 21.7 4.1 —17.6
P_02 45.7 349 —10.8
P_03 19.5 15.9 -3.6
P_09 38.8 259 —-12.9
P_10 22.1 9.2 —12.9
P_l14 27.6 17.9 -9.7
P_l6 24.4 0.9 —23.5
P_21 63.6 60.5 -3.1
P_27 23.8 22.5 -1.3
P_29 533 50.8 -2.5
P_30 24.1 13.9 —10.2
P_33 29.4 23.7 -5.7
Heart Dipean < 4 Gy [Gy]
P_03 6.4 0.1 —6.3
P_12 6.7 1.0 —5.7
P_13 6.3 0.9 —54
P_24 5.6 0.4 5.2
Heart Dyem3 < 30 Gy [Gy]
P_03 36.6 34 —33.2
P_12 44.1 30.0 —14.1
P_13 38.5 29.0 —9.5
P_15 34.8 29.8 -5.0
P_24 332 27.1 —6.1
Bowel bag D3 < 21 Gy [Gy]
P_02 3255 24.3 —8.2
P_14 27.2 11.1 —16.1
P_29 26.3 19.2 -7.1
P_33 31.9 19.2 —12.7
Stomach D¢z < 21 Gy [Gy]
P_02 28.5 0.3 —28.2
P_29 22.7 0.1 —22.6
P_30 28.9 17.4 —11.5
Duodenum D3 < 21 Gy [Gy]
P_30 21.8 0.2 -21.6
P_33 23.5 13.0 —10.5

RA = RapidArc, IMPT = intensity modulated proton therapy; Dy = dose
received by x% or xem® of the volume. Dye,n = mean dose, Vx = volume
receiving less then xGy.

the SBRT of HCC in a risk-adapted dose prescription regimen.
The findings confirmed the expectations from the earlier study
where IMPT was considered for ablative SBRT.® Given the
scope of the study and considering the issues regarding motion
management and optimization methods discussed below, this
study should be considered as a feasibility approach requiring
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further refinements to the methods to ensure safe treatment of
real patients.

We analyzed a cohort of 30 patients selected as potentially
“at-risk” if planned at the highest dose level of 3 fractions of
25 Gy each. It resulted that the photon-based plans violated one
or more dose-volume constraints in about 2/3 of these. IMPT
potentially allowed to significantly reduce the number of
patients requiring a reduced dose prescription. These findings
are consistent with the model proposed by Gandhi et al'® for
larger lesions. The central hepatobiliary tract was found to be
critical in the treatment of liver lesions with SBRT, and some
predictors were identified.?>>* In the present study, CHB data
were reported although not included in the optimization pro-
cess since none of the patients included in this study presented
cholestasis nor required the implant of any stent after their
clinical SBRT treatment with photons.

The slightly inferior target coverage of IMPT was primarily
related to the use of RO on the CTV. A side study, was con-
ducted on the “coverage violating patients”; these were re-
planned without RO, and the IMPT coverage for CTV
respected the planning aims in 6 more cases. Also, a broader
lateral and proximal-distal margin would contribute to increas-
ing the coverage at the potential price of a higher near-to-
maximum dose to the surrounding OARs. Finally, most of the
coverage violations might be mitigated by case-by-case renor-
malization of the dose distributions to guarantee the requested
minimum dose.

Before adopting dose de-escalation, photon VMAT plans
should be scrutinized (with appropriate plan comparison)** for
any potential sub-optimality deriving from, e.g. beam geome-
try. As an example, the 3 cases illustrated in Figure 1 might
theoretically be improved by either extended arcs or non-
coplanar arc arrangement. This was done for the specific cases
included in the study, and the resulting plans were the best
achievable by an experienced planning team. Furthermore, the
non-coplanar beam arrangement in the abdomen is quite lim-
ited by the risk of collisions between the gantry and the couch
(and the patient) and would require unusual image guidance
procedures, with possibly increased uncertainties in the
positioning.

Concerning the primary aim of the study, the OARs, some
substantial dose reduction would have been required to fall
back within acceptable levels of OARs sparing. The fraction
of patients requiring dose de-intensification was reduced to
about 7% with IMPT (roughly a factor 10 less than with
photons). Some of the violations reported for the photons might
be of questionable clinical severity. On the contrary, the pos-
sible motion of the gastro-intestinal structures on an inter-
fractional basis adds uncertainty on the potential severity of
the deviations and should call for a conservative approach.
Both considerations point to the need to establish robust and
reliable criteria to identify patients suitable for proton therapy.
Most of the existing studies suggest the development of algo-
rithms based on normal tissue complication probability models
as clearly indicated by several groups.>>>° Prayongrat et al*°
proposed the use of differential normal tissue complication

probability (ANTCP) estimation between photons and protons
to assist in treatment selection for HCC patients based on stan-
dard clinical predictors like the Child-Pugh status. Although
not linearly depending on the dose, the ANTCP strongly cor-
relates with it, and the differential improvement shown in our
data for all the dose-related metrics would confirm the prefer-
ability of IMPT for the challenging patients.

One severe challenge inherent to the treatment of HCC is the
motion of the internal organs at risk. This could be due to
respiration but also to the time-dependent deformations of the
gastro-intestinal tract.

The respiratory induced motion could be mitigated with
appropriate 4D delivery with gating. Mizuhata et al*' reported
about respiratory gating in proton therapy of HCC without the
use of fiducial markers for patients with lesions located within
2 cm of the gastro-intestinal tract. They achieved reasonable
local control rates without severe toxicity.

Also the possible interplay of motion with the scanning
patterns should be considered. Several approaches have been
proposed, including rescanning, repainting and beam-specific
PTV.***? Concerning RO, Pfeiler et al*! investigated a 4D RO
method by means of a worst-case scenario (and each scenario
was represented by a respiratory phase from the 4D planning
CT used in the study, a setup shift and a density perturbation).
The authors concluded that RO for pencil beam scanning plans
is mainly beneficial for OARs compared to passive scattering
protons or non-robustly optimized plans. The results from this
study also suggest that multi-field RO for pencil beam scanning
protons can be clinically acceptable for most of the patients.

Following the clinical practice with photons, in this study,
abdominal compression was applied to all the patients during
CT acquisition as a simple mitigator of organs motion. The use
of AC with protons is somehow controversial. Lin et al** con-
cluded that its use enabled a significant reduction in the mean
dose to the non-targeted liver and reduced dose degradation
within the CTV. Nevertheless, the study found that for patients
with small motion, motion mitigation was not needed and pro-
duced only a modest overall improvement, while it was deemed
necessary for large movements.

Trofimov and Bortfeld** suggested the possibility of limit-
ing the dynamic range of intensity modulation or the allowed
intensity gradients to increase the precision and the reliability
of the delivery of the modulated plans. Another approach is the
single field uniform dose (SFUD) method which can also be
applied in combination to beam specific PTVs. Mondlane
et al*> showed that SFUD, using beam specific PTVs, along
with RO methods could bring about a potentially relevant
reduction in the probability of normal tissue complication (for
the kidneys) in patients with gastric cancer. SFUD was com-
pared to IMPT in some studies for pediatric, prostate and lung
cancer cases.**® In general, IMPT plans resulted in better
target coverage and sparing of the normal tissues and the
organs at risk, although at the possible price of a higher
trade-off with motion effects.*®

In the present in-silico study, no rescanning or other meth-
odology was applied. AC, commonly used in clinical practice
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with photons, was proposed to mitigate and reduce the impact
of respiration on the abdominal structures. For treatment pur-
poses, this might be associated with some gating methodology
which is not accounted for in this planning study. Secondly, RO
was applied to the CTV, i.e. incorporating the range and iso-
center positioning uncertainties which may impact the accu-
racy and precision of the dose estimation to the target volume.
The isocenter shift applied to the RO was set to 3 mm (e.g.
Pfeiler et al*! applied a 2 mm). This approach is not sufficient
for structures such as stomach or bowels. In these cases, the
only strategy conceptually capable of coping with the inter-
fractional variability of the anatomy would be an adaptive
on-line re-planning of the cases. There is not yet evidence of
this approach in clinical practice with PBT, but it should be
considered as an important topic of research for the future.

To conclude the discussion about motion management, we
believe that, whatever method or combination of methods
would be applied clinically, the daily verification of the effi-
cacy of the methods would be a mandatory step. Appropriate
image guidance protocols and/or mechanical tools should guar-
antee that the dose uniformity degradation induced by the bio-
logical motions is actually mitigated by the motion
management enforced. This implies that the simpler and the
more robust the methods, the easier the task and the better the
compliance of the patients and of the system.

An issue in comparative studies between photons and protons
is the possible bias in favor of protons because the uncertainties in
RBE are usually neglected, as done in the present case with a fixed
value of 1.1. A variable RBE with an associated uncertainty (field
by field) would be more realistic and might impact on both tumor
control and normal tissue complication probabilities. McNamara
et al,* reviewing the data and the models for variable RBE,
concluded that the notion of fixed RBE is too simplistic and might
raise concerns for treatment planning decisions. We acknowledge
this as one of the limiting elements of our present study.

Although cost-effectiveness and other economic considera-
tions were not part of the study design, it is important to outline
here that, in a finance-limited environment, robust decision
making processes should be put in place to select the patients
who are expected to benefit most from the (more) expensive
proton therapy. Although the dosimetric quality of protons is
obviously superior, the incremental benefit for “normal”
patients might not justify IMPT. On the contrary, for the chal-
lenging cases where severe dosimetric problems might lead to
sub-optimal treatments with photons, then IMPT could be fully
justified. A model-based approach?®?’ is therefore envisaged
to identify this sub-group of patients and to refer them to the
most convenient proton therapy facility.

Conclusion

The results of this in-silico planning study suggest that IMPT
might result in advantages compared to photon-based VMAT
for HCC patients candidate to ablative SBRT. In particular, the
dosimetric characteristics of protons might allow avoiding the
need for dose de-escalation in a risk-adapted prescription

regimen for those patients with lesions located in the proximity
of dose-limiting healthy structures. Depending on the selection
thresholds, the number of patients eligible for treatment at the
full dose can be significantly increased with protons.
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