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Normal Liver 
Tolerance

• The liver is a parallel-functioning organ

• Mean liver dose is associated with risk of RILD
• High dose to small liver volumes can be well 

tolerated
• Low doses to the liver should be minimized

• Other factors contribute to RILD
• Baseline liver function
• Volume of uninvolved liver
• Prior therapy



Only palliative 
whole-liver Rt 
was initially 
possible

Yeo SG, et al. Radiat Oncol. 2010;5:97.



Moving the 
needle from 
palliative to 
curative

Yu JI, Park HC. Dig Dis. 2014;32(6):755-63.





BED >100 Gy Is Ablative

Kim et al, IJROBP 2020Su et al, Radiat Oncol 2021





(IDEALLY ABLATIVE) TUMOR DOSE (IDEALLY ZERO) LIVER DOSE



Large volume 
of liver may 
receive 
unintentional 
dose



Proton 
therapy offers 
dramatic liver 
sparing





patients usually have pancytopenia due to splenomegaly.
Indeed, 20% of the patients had grade 2 (<75 000/mm3) and
5.5% grade 3 (<50 000/mm3) thrombocytopenia before PBT.
However, no patient required a blood transfusion or PBT ces-
sation during treatment. Radiation dermatitis was common, but
no patient had grade 3 or higher dermatitis.

Discussion

Proton beam therapy exhibited excellent long-term efficacy
and good safety in untreated patients with localized HCC that

could be covered within the irradiation field. Our survival
results are consistent with those in the BCLC staging
report.(23) PBT may be beneficial not only in patients with
operable HCC but also in those with operation risks due to
comorbidities and with inoperable advanced HCC.
All LTC duration, PFS, and OS showed very similar trends

decreasing in accordance with advanced stage of the BCLC.
These were compatible with those in previous published reports
for the BCLC stage.(23,24) The present study of treatment-naive
patients with HCC confirmed that PBT yielded good LTC, as
seen in previous reports for PBT.(11,12,18) The 5-year OS (69%)
in patients with BCLC 0/A stage disease was comparable to that
reported for patients who underwent hepatectomies and local
ablative therapies, such as RFA.(23–26) These results indicate that
PBT can be considered an additional curative treatment option
for patients with HCC. Although our PBT results seem inferior
to those of liver transplantation within the Milan criteria,(27) the
majority of our patients were not eligible for liver transplanta-
tion because of their advanced age (median, 72 years), poor PS
(PS ≥ 1; 46%), or severe comorbidities (20%). In fact, there are
many HCC patients who refuse surgery or cannot receive it.
Advanced age was significantly associated with higher mortality
rates following hepatic resection or RFA in a large Japanese
national survey of HCC patients.(28) PBT would be a promising
treatment for such patients because of its low invasiveness. The
subsequent treatments with multimodality for the recurrent
lesions contribute on OS prolongation. Taking these together
with our present results into consideration, it is suggested that
initial PBT could achieve good LTC safely and this would rather
favorably influence the subsequent treatment outcome.
Multivariate analysis showed no significant factor affecting

LTC rate of PBT for HCC. This is a unique virtue of PBT
because tumor diameter is usually the risk factor of local
recurrence. The outcomes for patients with large HCCs are
generally worse because of the aggressive malignant behavior,
which is characterized by potential metastases and vascular

Fig. 2. Kaplan–Meier curves of OS according to PS in previously
untreated HCC patients treated with PBT. PS 0 (solid line; n = 70), PS 1
(dotted line; n = 50) and PS 2 (broken line; n = 9). HCC, hepatocellular
carcinoma; OS, overall survival; PBT, proton beam therapy; PS, Eastern
Cooperative Oncology Group performance status.

(a) (b) (c)

Fig. 3. Computed tomography (CT) images of an 81-year-old woman with advanced HCC involving a massive tumor thrombus in the IVC.
Images were obtained before PBT (a), during isodose distribution of PBT (b), and 2 months after the completion of PBT (c). PBT demonstrated
marked regression of both the main tumor and tumor thrombus (arrows). Isodose distribution is shown using contour lines (red line, 90% iso-
dose; blue line, 10% isodose). HCC, hepatocellular carcinoma; IVC, inferior vena cava; PBT, proton beam therapy.
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Large HCC
Median, 11 cm 

72.6 GyE in 22 fractions (BED10 97 Gy)
No grade 3+ toxicity

with HCC larger than 10 cm of only 27%, 23.3%, and 9.6%,
respectively, when multimodality nonsurgical therapies were
used. In contrast, the overall survival rates at 1 year and
3 years after surgery are markedly better at 64% and 24.5%, re-
spectively. In our series, 21 of 22 patients were not suitable for
surgery because of liver impairment (n = 13), limited residual
liver volume (n = 2), intercurrent diseases (n = 4), and old
age (n = 2). However, because of improved dose localization
related to the Bragg peak properties of the proton beam, we
were able to safely deliver high doses of radiation (median,
72.6 GyE in 22 fractions) and achieve a high local control
rate of 87% during the limited observation period. On the basis
of these results, PBT seems to be a potential comparable, less-
invasive alternative to surgery for patients with large tumors
who are poor candidates for surgical resection.

Traditionally, radiotherapy has played a minor role in the
treatment of HCC because antiquated dose localization tech-
niques required the delivery of lower doses to larger volumes
and did not routinely achieve tumor eradication. However,
improvements in radiologic imaging and radiotherapy tech-
niques have made it possible to irradiate smaller, well-defined
targets within the liver. Emami et al. (42) estimated liver doses
associated with a 5% risk of RILD with uniform irradiation of
one third (D33), two thirds (D66), and the entire volume of the
liver (D100) at 50 Gy, 35 Gy, and 30 Gy, respectively. Law-
rence et al. (43) presented a normal tissue complication prob-
ability model and estimated D33, D66, and D100 to be 75 Gy, 45
Gy, and 35 Gy, respectively. According to this model, high-
dose radiotherapy up to 90 Gy can be delivered safely if a sub-
stantial part of normal liver is spared. In our study, D33, D66,
and D100 (dose equivalent if given in 2 Gy per fraction [a/b =
10]) were low at 30.1 GyE, 0.8 GyE, and 0 GyE, thereby
minimizing the risk of RILD.

Liang et al. (44) reported that a target volume greater than
500 mL is a risk factor for RILD, and the tolerance volumes
for 5 Gy (V5), 10 Gy (V10), 20 Gy (V20), 30 Gy (V30), and 40
Gy (V40) are 86%, 68%, 49%, 28%, and 20% of the normal
liver volume. For our patients, V0, V10, V20, V30, and V40, if
doses are calculated in 2 GyE per fraction equivalents, were
53%, 39.5%, 36%, 33.5%, and 23%, respectively. Our V0,
V10, and V20 values were sufficiently low, but V30 and V40

values were high compared with the tolerance volumes delin-
eated by Liang et al. Additionally, we delivered high doses to

large target volumes (median, 992 mL) yet found no evidence
of RILD.

The improved dose localization of sophisticated techniques,
such as intensity-modulated radiotherapy or stereotactic body
radiotherapy, permit dose escalation to tumor tissue with spar-
ing of surrounding functional liver (21, 44–46). However, these
doses are generally insufficient to eradicate very large lesions,
in which case PBT may be the radiotherapy modality of choice.

The majority of patients who develop HCC have concur-
rent hepatitis B virus and/or hepatitis C virus infections
(27). In this study, approximately half of the patients showed
no evidence of active viral infection. Therefore, these patients
may have fared better than their HCC counterparts in the gen-
eral population because of a relatively lower prevalence of
coexistent viral hepatitis.

Tateishi et al. (47) reported that tumor markers for HCC,
such as AFP or PIVKA-II, can complement imaging modal-
ities in the evaluation of treatment efficacy. In our study, tu-
mor marker levels in most patients markedly decreased
during PBT, suggesting a response to therapy.

A major limitation of the present investigation involves the
small number of patients treated over a protracted period.
Thus, additional studies incorporating large numbers of pa-
tients are necessary to more clearly define the role of PBT
in HCC greater than 10 cm in maximal dimension.

In the present cases, 20 of 22 had large hepatocellular car-
cinoma located adjacent to the porta hepatis. According to
our current protocols, we recommend a protocol of 72.6
GyE in 22 fractions to reduce the risk of bile duct stenosis
for large HCC except adjacent to the gastrointestinal tract.
If the tumor was located adjacent to the gastrointestinal tract,
we choose a protocol of 74.0 GyE in 37 fractions at present.

Recently novel regimens, such as systemic chemotherapy
and interferon and molecular targeted therapy, have im-
proved progression-free survival or overall survival in pa-
tients with HCC (48, 49). Further study will be necessary
to determine whether these strategies can be used in conjunc-
tion or in sequence with PBT to improve HCC outcomes.

CONCLUSION

Proton beam therapy is an effective and safe intervention for
patients with HCC greater than 10 cm in maximal dimension.

Fig 3. Typical dose distributions and dose–volume analyses.
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Sugahara S, et al. Int J Radiat Oncol Biol Phys. 2010.After defining the number of beams and beam directions for each
beam, the following parameters were automatically calculated by
the treatment planning software (Hitachi Planning version 1.72):
dose distribution, beam delivery device parameters, such as length
of spread-out Bragg peak, proton beam energy for each port,
range-shifter thickness, shape of compensating chemical wood
bolus, and brass collimator shape. The CTV was homogeneously
encompassed with more than 95% and less than 108% of the pre-
scribed dose of the isocenter by selecting adequate ports and mar-
gins. Before the initiation of treatment for each patient, reliability
of the proton beam dose distributions was confirmed using a water
phantom.

A median total dose of 72.6 gray equivalents (GyE) in 22 frac-
tions (range, 47.3–89.1 GyE in 10–35 fractions) was given with a rel-
ative biological effectiveness value of 1.1. At present, our protocol is
as follows: 72.6 GyE in 22 fractions for tumors adjacent to hepatic
portal fissure, 74 GyE in 37 fractions for tumors adjacent to the di-
gestive tract, and 50–60 GyE in 25–30 fractions for palliative intent.
Fractionation schemes used in this study were variable owing to re-
stricted clinical use of the proton beam at the National Laboratory
facility.

Because various fractionation regimens were used for treatment,
the equivalent dose when delivered at 2.0 GyE per fraction was
calculated for comparison using the linear-quadratic model, with
a/b ratios of 10 and 3 for early- and late-responding tissues, respec-
tively (30). Median total equivalent doses for 2.0 GyE per fraction
were 91.5 GyE (range, 49.7–125.9 GyE) when the a/b ratio was
assumed to be 3 and 80.5 GyE (range, 48.3–98.8 GyE) when the
a/b ratio was 10. The median overall treatment time was 34 days
(range, 16–73 days). Dose–volume histogram analyses were
performed for 12 patients.

Follow-up and evaluation criteria
Patients underwent abdominal imaging studies (CT or MRI) 1–4

months after completion of treatment. Additionally, patients were
monitored at 1–3-month intervals for recurrence or late radiation
toxicities by follow-up visits to our department, to the referring phy-
sician, or by mail and/or phone.

Acute and late toxicities associated with treatment were evaluated
using the National Cancer Institute Common Toxicity Criteria
version 3 and the Radiation Oncology Study Group/European

Organization for Research and Treatment of Cancer late radiation
morbidity scoring scheme (31).

Statistical analysis
Actuarial survival and disease control rates were calculated from

the beginning of PBT using the Kaplan-Meier method (32). Differ-
ences in survival were evaluated with the log–rank test (33). A value
of #0.05 was considered statistically significant. All statistical anal-
yses were performed using commercial statistical software (SPSS,
Chicago, IL).

RESULTS

The median follow-up period was 13.4 months for all 22
patients (range, 1.5–85 months). Nineteen patients died be-
tween 1.5 and 85 months after treatment, and 3 were alive
with no evidence of recurrence at last follow-up in December
2007. Causes of death included progressive HCC outside the
irradiated volume in 10 patients, liver failure with viable
HCC in 3 patients, liver failure without viable HCC in 2
patients, cerebral infarction in 2 patients, cardiac arrest in
1 patient, and cerebral hemorrhage in 1 patient. The overall
survival rates at 1 and 2 years were 64% (95% confidence
interval [CI], 44–84%) and 36% (95% CI, 15–56%), respec-
tively (Fig. 1). Age, Child-Pugh class, use of more than one
treatment modality, tumor size, and tumor number did not
affect survival rates.

Six patients survived for more than 2 years after treatment.
All 6 of these patients had single-focus, nodular-type disease.
By the time of analysis, 5 of these 6 patients had died from
cerebral hemorrhage, cerebral infarction, liver failure (n = 1
each), and uncontrolled HCC (n = 2).

Fourteen patients (64%) suffered from disease progression
outside the irradiated volume after PBT. Eleven developed
new hepatic tumors, 1 developed lymph node metastasis,
and 6 developed distant metastasis. Of the 6 patients with me-
tastases, 3 developed bone involvement and concomitant
new hepatic tumors, whereas the remaining 3 had lung metas-
tases without new hepatic tumor development. Of the 11
patients who developed new hepatic tumors, 2 received

Fig. 1. Overall survival and progression-free survival rates for 22
patients with hepatocellular carcinoma exceeding 10 cm.

Fig. 2. Local control rates in 22 patients with hepatocellular carci-
noma exceeding 10 cm treated with proton beam therapy.
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2-year LC 87%
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IMAGING DURING TREATMENT
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Not ideal….



Since MRI is used for diagnosis, wouldn’t it be ideal to guide treatment?

Witt et al. Lancet Oncol, 2020.



Continuous Imaging Through Treatment
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Daily adaptive replanning

• CT-guided: completed over days

• MR-guided: completed in minutes



University Hospital LMU Munich
Rogowski, Corradini et al. Cancers, 2021.



Colorectal liver 
metastasis near 

duodenum

Standard SBRT approach 
for this case would be 

non-ablative



10 Gy x 5 (BED10 = 100 Gy)

Initial Plan Adaptive 
Fxn 1 Adaptive 

Fxn 2 Adaptive 
Fxn 3

Adaptive 
Fxn 4

Adaptive 
Fxn 5





• Treatment delivery in breath hold: 17 minutes
• Total in-room time: 40 minutes
• No anesthesia, no contrast, no patient downtime

Single-Fraction SABR



• 35-40 Gy in 1 fraction (BED10 = 157.5-200 Gy)
• 4-yr LC 96.4% 
• No G3+ toxicity



SBRT Improves OS for Oligometastatic Disease
Articles
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Progression events occurred in 67 patients: 39 (59%) of 
66 patients in the SABR group and 28 (85%) of 33 patients 
in the control group. Of the 39 patients in the SABR 
group with progression of disease, 31 (79%) developed 
new metastases only, one (3%) had progression of treated 
lesions only, and seven (18%) had both. Similarly, of 
the 28 patients in the control group, 13 (46%) developed 
new metastases only, eight (29%) had enlargement of 
lesions only, and seven (25%) patients had both. Median 
progression-free survival was 6∙0 months (95% CI 
3∙4–7∙1) in the control group vs 12 months (6∙9–30∙4) in 
the SABR group (HR 0∙47, 95% CI 0∙30–0∙76; stratified 
log-rank p=0∙0012; figure 2B)

The proportion of patients with lesional control (ie, the 
absence of progression in the lesions initially present 
at randomisation) was 49% (28 of 57 assessable lesions) 
in the control group and 75% (75 of 100 assessable 
lesions) in the SABR group (p=0∙0010), represented 
by an absolute increase of 26% (95% CI 10–41). For 
the 100 assessable lesions treated in the SABR group, 
44 (44%) remained stable, 15 (15%) showed a partial 
response, and 16 (16%) showed a complete response

There were no significant differences in overall mean 
FACT-G scores at 6 months (82∙5 [SD 16∙4] in the control 
group vs 82∙6 [16∙6] in the SABR group; p=0∙99), or in 
any of the physical, social, functional, or emotional QOL 
subscales (all p>0∙40; appendix).

Adverse events are shown in table 2. Adverse events 
of grade 2 or more related to treatment occurred in 
three (9%) of 33 patients in the control group and 19 (29%) 
of 66 patients in the SABR group (p=0∙026), an absolute 
increase of 20% (95% CI 5–34). The most common 
treatment-related toxic effects of grade 2 or worse in the 
SABR group were fatigue (n=4), dyspnoea (n=2), and pain 
(including muscle, bone, and other, total n=8). There were 
three treatment-related grade 5 events in the SABR group 
(4∙5%, 95% CI 0–10), due to deaths from radiation pneu-
monitis (n=1), pulmonary abscess (n=1), and subdural 
haemorrhage after surgery to repair a SABR-related 
perforated gastric ulcer (n=1); see appendix for further 
details of treatment-related grade 5 events. After ran-
domisation, 53 (54%) of 99 patients received palliative 
systemic therapy, and 34 (34%) of 99 patients received 
palliative, standard of care (non-SABR) radiotherapy. The 
two groups did not differ in the receipt of systemic therapy 
(19 [58%] of 33 patients in the control group vs 34 [52%] of 
66 patients in the SABR group; p=0∙57). Palliative radio-
therapy was more commonly delivered in the control 
group (21 [64%] of 33 patients) than in the SABR group 
(13 [20%] of 66 patients).

Discussion
The use of ablative treatments in patients with 
oligometastatic cancers has been the subject of substantial 
debate.5 Although the use of metastasis-directed surgery 
and stereotactic radiation has increased in the past 
10–15 years,8,9 the reliance on single-arm data of well 

selected patients without adequate controls has led to 
suggestions that the use of ablative treatments might be 
futile.16,17 The main findings of the present study are that 
SABR was associated with a 13-month improvement 
in median overall survival and a doubling of median 
progression-free survival, at the cost of an increase in 
toxicity and a 4∙5% treatment-related mortality in the 
SABR group. To our knowledge, the findings herein 
represent the strongest clinical evidence available in 
support of the oligometastatic state.

Several recent systematic reviews have examined 
the effect of ablative therapies in patients with 
oligometastatic cancers.6,18–21 We did not identify any 
randomised trials in patients who were oligometastatic 

Figure 2: Overall survival (A) and progression-free survival (B)
SABR=stereotactic ablative radiotherapy. HR=hazard ratio.
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Stereotactic ablative radiotherapy versus standard of care 
palliative treatment in patients with oligometastatic cancers 
(SABR-COMET): a randomised, phase 2, open-label trial
David A Palma, Robert Olson, Stephen Harrow, Stewart Gaede, Alexander V Louie, Cornelis Haasbeek, Liam Mulroy, Michael Lock, 
George B Rodrigues, Brian P Yaremko, Devin Schellenberg, Belal Ahmad, Gwendolyn Griffioen, Sashendra Senthi, Anand Swaminath, Neil Kopek, 
Mitchell Liu, Karen Moore, Suzanne Currie, Glenn S Bauman, Andrew Warner, Suresh Senan

Summary
Background The oligometastatic paradigm suggests that some patients with a limited number of metastases might be 
cured if all lesions are eradicated. Evidence from randomised controlled trials to support this paradigm is scarce. We 
aimed to assess the effect of stereotactic ablative radiotherapy (SABR) on survival, oncological outcomes, toxicity, and 
quality of life in patients with a controlled primary tumour and one to five oligometastatic lesions.

Methods This randomised, open-label phase 2 study was done at 10 hospitals in Canada, the Netherlands, Scotland, 
and Australia. Patients aged 18 or older with a controlled primary tumour and one to five metastatic lesions, Eastern 
Cooperative Oncology Group score of 0–1, and a life expectancy of at least 6 months were eligible. After stratifying by the 
number of metastases (1–3 vs 4–5), we randomly assigned patients (1:2) to receive either palliative standard of care 
treatments alone (control group), or standard of care plus SABR to all metastatic lesions (SABR group), using a 
computer-generated randomisation list with permuted blocks of nine. Neither patients nor physicians were masked to 
treatment allocation. The primary endpoint was overall survival. We used a randomised phase 2 screening design with 
a two-sided α of 0∙20 (wherein p<0∙20 designates a positive trial). All analyses were intention to treat. This study is 
registered with ClinicalTrials.gov, number NCT01446744.

Findings 99 patients were randomised between Feb 10, 2012, and Aug 30, 2016. Of 99 patients, 33 (33%) were assigned to 
the control group and 66 (67%) to the SABR group. Two (3%) patients in the SABR group did not receive allocated 
treatment and withdrew from the trial; two (6%) patients in the control group also withdrew from the trial. Median 
follow-up was 25 months (IQR 19–54) in the control group versus 26 months (23–37) in the SABR group. Median overall 
survival was 28 months (95% CI 19–33) in the control group versus 41 months (26–not reached) in the SABR group 
(hazard ratio 0∙57, 95% CI 0∙30–1∙10; p=0∙090). Adverse events of grade 2 or worse occurred in three (9%) of 33 controls 
and 19 (29%) of 66 patients in the SABR group (p=0∙026), an absolute increase of 20% (95% CI 5–34). Treatment-related 
deaths occurred in three (4∙5%) of 66 patients after SABR, compared with none in the control group.

Interpretation SABR was associated with an improvement in overall survival, meeting the primary endpoint of this 
trial, but three (4∙5%) of 66 patients in the SABR group had treatment-related death. Phase 3 trials are needed to 
conclusively show an overall survival benefit, and to determine the maximum number of metastatic lesions wherein 
SABR provides a benefit.

Funding Ontario Institute for Cancer Research and London Regional Cancer Program Catalyst Grant.

Copyright © 2019 Elsevier Ltd. All rights reserved.

Introduction
Historically, the treatment of patients with metastatic 
solid tumours has been based on systemic therapies 
that aim to delay progression and extend life, but not to 
eradicate the disease completely.1,2 The oligometastatic 
paradigm, formally defined in the 1990s3 but anecdotally 
reported as early as the 1930s,4 suggests that in some 
patients, metastatic disease is not widespread, but 
is constrained to develop in only a small number of 
sites because of anatomical and physiological fac-
tors.3 This paradigm suggests that patients with oligo-
metastases should be amenable to a curative treatment 
approach.3

Clinical evidence to support improved treatment out-
comes in the oligometastatic state has generally been 
limited to non-randomised observational studies.5 Many 
of these studies, but not all, suggest that the treatment of 
oligometastatic disease with ablative therapies can lead 
to better-than-expected survival, compared with a general 
population of patients with metastatic disease.6,7 However, 
these promising results could be due to selection bias, 
with the inclusion of fit patients with low-burden, indolent 
cancers.5,7 Nevertheless, the use of ablative therapies has 
increased in many jurisdictions worldwide, albeit with 
substantial geographical variability in practice.8,9 Interest 
in treating oligometastatic disease is also increasing 
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We Have Come a Long Way



Conclusions

Radiation therapy technology has improved dramatically 
over the past decade

Much ability to spare the uninvolved liver, deliver 
ablative tumor dose, and shorten fractionation 

Ablative radiation therapy is especially beneficial for 
larger tumors and those in challenging anatomic 
locations

Combining ablative radiation therapy with other liver-
directed therapies can benefit some patients
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