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Proton radiation therapy plays a central role in the treatment of hepatocellular carcinoma (HCC). Because of the near-zero

exit dose and improved sparing of normal liver parenchyma, protons are being used even in challenging scenarios,

including larger or multifocal liver tumors, and those associated with vascular tumor thrombus.
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1. Introduction

Liver cancer is the sixth most common cancer worldwide, making up around 5% of all new cancer cases in 2020 . It is

particularly common in East Asia and Africa , but its incidence has been increasing in other parts of the world as well.

This includes the United States , where it now makes up around 2.2% of all new cases, with an estimated 5-year relative

survival rate of only 20.3% .

Since the majority of cases develop in patients with underlying cirrhosis, the overall performance status is an important

factor to consider in addition to the underlying liver function and cancer stage when deciding on management . Early-

stage disease can be managed with local curative options, including ablation, resection, or even liver transplantation.

Multifocal disease can be treated with chemoembolization or systemic therapy. In advanced stages, systemic therapy is

the mainstay of treatment, with palliative care preserved for terminal cases . Radiation falls under the locoregional

therapies available for inoperable or unresectable tumors. The NCCN guidelines allow for the use of proton therapy in the

management of primary liver tumors .

The application of proton therapy in the management of hepatocellular carcinoma (HCC) has been proposed to decrease

toxicity, since protons deposit a dose at a specific depth with no exit dose and a minimal scatter to nearby organs .

With more centers adopting proton therapy, this advanced modality has been the subject of active research, especially

over the past few years .

2. Dosimetric Data

Proton beam therapy (PBT) has been shown to be dosimetrically superior to other photon radiation therapy modalities

(XRT) in the management of HCC. Li et al. noted reductions in the mean liver dose (Dmean) and V10–V30 Gy when

proton plans were compared to 3D conformal radiation therapy (3D-CRT) for stage I disease (V30: 10.66% [PBT] vs.

21.24% [3D-CRT], p < 0.002), and to 3D-CRT and intensity-modulated radiation therapy (IMRT) for stage IIa disease

(V30: 22.78% [PBT] vs. 44.01% [3D-CRT] and 37.75% [IMRT], p < 0.002) . The proton plans were also superior in

sparing other organs at risk (OARs), namely the stomach and the right kidney. Another group of researchers compared

PBT to helical (H-)IMRT or volumetric-modulated arc therapy (VMAT) . While all three plans were similar in target

coverage, PBT significantly lowered the mean liver dose relative to either photon technique (p < 0.05), as well as the V5–

V45 and V5–V35 when compared to H-IMRT and VMAT, respectively (p < 0.05). In yet another comparison, particle

therapy decreased the mean dose received by the normal liver (p < 0.05), which translated into a dramatically lower

estimated risk of classic radiation-induced liver disease (RILD): 22.3% and 2.3% for IMRT and PBT, respectively (p <

0.05) .

With an improved sparing of both normal liver and other OARs, protons may allow higher doses to be prescribed to the

target volume. This was shown in a planning study that included 30 patients with tumors at risk of requiring radiation dose

de-escalation . Intensity-modulated proton therapy (IMPT) and VMAT-rapid arc (VMAT-RA) plans were compared, and

a maximum dose of 75 Gy was prescribed in three fractions. Two thirds (20/30) of the VMAT-RA plans violated at least

one dose constraint compared to just two plans of IMPT. Thus, the proton radiation plans allowed the maintenance of the

prescribed 25 Gy per fraction in most patients.
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The dosimetric advantage of protons was also evaluated as a function of tumor size. Toramatsu et al. generated both spot

scanning proton (SSPT) and IMRT plans for 10 patients with HCC tumors, ranging in size from 3.4 cm to 16.1 cm .

Using the Lyman normal tissue complication probability model, the risk of RILD was estimated to increase dramatically for

IMRT plans for tumor diameters beyond 6.3 cm, at which point the risk was 94.5% and 6.2% in the IMRT and SSPT plans,

respectively. The researchers concluded that protons are especially useful for larger tumors 6.3 cm and above in

diameter.

Other researchers further expanded on the interplay between tumor size, tumor location, and liver sparing. They

generated different proton- and photon-based SBRT plans with six ”mock” tumors, ranging in size from 1 to 6 cm, in four

different locations of the liver: left medial, caudal, dome, and central . The proton plans spared the normal liver to a

greater degree and decreased the mean liver dose compared to photons plans (8.4 vs. 12.2 Gy, p = 0.01) only for tumors

located at the dome or in central locations with diameters of 3 cm and above. In a later study, the researchers included

even larger tumors (up to 10 cm) and were able to show that stereotactic body proton therapy (SBPT) plans maintained

an adequate target coverage and OAR sparing up to a tumor diameter of 9 cm (vs. 7 cm for photon stereotactic body

radiation therapy (SBRT)) . This translates into a lower liver normal tissue complication probability for SBPT plans in

cases of larger lesions, particularly if they are located centrally or in the dome of the liver.

3. Evolving Systemic Therapy Options for HCC

While sorafenib monotherapy was the mainstay systemic treatment for patients with advanced unresectable HCC for

more than a decade, novel agents have recently been reported to produce a paradigm shift in management . Immune-

based combinations have reported superior results in advanced HCC, as witnessed by the IMbrave150 trial that showed

improved survival with the use of atezolizumab combined with bevacizumab as compared to sorafenib . The landscape

of new immune-based combinations for advanced HCC continues to expand. Abou-Alfa et al., in a large, randomized

phase III HIMALAYA trial, reported that durvalumab was non-inferior to sorafenib with a favorable safety profile. The

combination of durvalumab plus tremelimumab showed a superior efficacy and favorable benefit-risk profile compared to

sorafenib as a first-line treatment for unresectable HCC . Based on the promising results of early-phase clinical trials,

pembrolizumab plus lenvatinib also has potential as a novel treatment option in this setting . As suggested by Rizzo et

al., investigating the predictors of response to immune checkpoint inhibitors, such as programmed death ligand 1 (PD-L1),

gut microbiome, microsatellite instability (MSI), and tumor mutational burden (TMB) is important to allow the proper

selection of HCC patients that could derive the most benefit from immunotherapy .

For patients with advanced HCC in the setting of Child–Pugh B, De Lorenzo et al. retrospectively analyzed data in a

multicenter study that showed that treatment with metronomic capecitabine is a safe option for patients with Child–Pugh

B-HCC. Its potential antitumor activity warrants prospective evaluations .

There are currently several ongoing trials (e.g., NCT03482102 and NCT03203304) on the combination of immunotherapy

with radiation therapy for HCC, mainly using photon-based RT. In the setting of the changing treatment paradigm for

unresectable HCC, future studies on proton radiation therapy should take into consideration the evolving systemic therapy

options and their impact on outcomes.

4. Discussion

Radiation therapy is an important locoregional treatment modality used in patients with unresectable HCC. Local control of

HCC in the liver is crucial to slow or prevent disease progression, and subsequent progression to liver failure. Although

modern series of photon stereotactic ablative RT have shown excellent local control outcomes in the treatment of HCC

, protons have dosimetric advantages, especially in certain clinical scenarios. There is a growing body of evidence

supporting the use of proton therapy for HCC . Multiple dosimetric studies have shown its advantage

in sparing the nearby organs at risk, namely the normal liver parenchyma, and subsequently decreasing the risk of

radiation-induced liver disease . This is particularly important in the setting of treating large tumors (more than 6–7 cm

in size) and especially for tumors located centrally or in the dome of the liver. Proton therapy can also be advantageous

over photon-based therapy in patients with relatively poor liver function (Child–Pugh B) or a small normal liver reserve,

such as patients heavily pretreated by other local modalities. Another scenario where proton therapy could offer an

advantage over photon-based therapy is in the sequential or synchronous treatment of multifocal HCC where researchers

are usually limited by the dose received by the remaining normal liver volume.

At the institution in New York, researchers have been treating patients with HCC with either intensity-modulated radiation

therapy (IMRT) or proton radiation therapy. Patients are allocated to either modality on a case-by-case basis. Protons are
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strongly considered for patients with large HCC tumors, multifocal disease, or a Child–Pugh score of ≥B7. Re-irradiation

and high tumor/liver volume ratio, where meeting volumetric and mean liver dose constraints cannot be achieved with

IMRT, are also indications for proton RT. The patients are treated with ablative doses of radiation therapy (BED > 100 Gy)

using either 5, 10, 15, or 25 fractions. Eligible patients for ablative radiation therapy are those with tumors >1 cm from

stomach/small bowel who meet the liver constraints. Lower doses may be considered for HCC to meet liver constraints.

Although limited by the heterogeneity of patient characteristics in nonrandomized trials, proton therapy has been

associated with a lower toxicity and improved survival compared to photon-based modalities during retrospective

analyses. Further studies are currently underway, including a randomized trial of protons versus photons for HCC, to

better evaluate outcomes and inform clinical decisions.

References

1. National Cancer Institute. SEER Cancer Stat Facts: Liver and Intrahepatic Bile Duct Cancer. Available online:
https://seer.cancer.gov/statfacts/html/livibd.html (accessed on 1 May 2022).

2. Mittal, S.S.; El-Serag, H.B.H.B. Epidemiology of HCC: Consider the Population. J. Clin. Gastroenterol. 2013, 47, S2–
S6.

3. Llovet, J.M.; Kelley, R.K.; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.; Koike, K.; Zucman-Rossi,
J.; Finn, R.S. Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2021, 7, 6.

4. National Comprehensive Cancer Network. Hepatobiliary Cancers. Available online:
https://www.nccn.org/professionals/physician_gls/pdf/hepatobiliary.pdf (accessed on 1 May 2022).

5. Mohan, R.; Grosshans, D. Proton therapy—Present and future. Adv. Drug Deliv. Rev. 2017, 109, 26–44.

6. Verma, V.; Lin, S.H.; Simone, C.B.; Mehta, M.P. Clinical outcomes and toxicities of proton radiotherapy for
gastrointestinal neoplasms: A systematic review. J. Gastrointest. Oncol. 2016, 7, 644–664.

7. Paganetti, H.; Beltran, C.J.; Both, S.; Dong, L.; Flanz, J.B.; Furutani, K.M.; Grassberger, C.; Grosshans, D.R.; Knopf,
A.-C.; Langendijk, J.A.; et al. Roadmap: Proton therapy physics and biology. Phys. Med. Biol. 2021, 66, 5.

8. Li, J.-M.; Yu, J.-M.; Liu, S.-W.; Chen, Q.; Mu, X.-K.; Jiang, Q.-A.; Zhao, M.-H.; Zhang, J.-G. Dose distributions of proton
beam therapy for hepatocellular carcinoma: A comparative study of treatment planning with 3D-conformal radiation
therapy or intensity-modulated radiation therapy. Zhong Hua Yi Xue Za Zhi 2009, 89, 3201.

9. Kim, J.Y.; Lim, Y.K.; Kim, T.H.; Cho, K.H.; Choi, S.H.; Jeong, H.; Kim, D.W.; Park, J.H.; Shin, D.H.; Lee, S.B.; et al.
Normal liver sparing by proton beam therapy for hepatocellular carcinoma: Comparison with helical intensity modulated
radiotherapy and volumetric modulated arc therapy. Acta Oncol. 2015, 54, 1827–1832.

10. Sun, J.; Wang, Z.; Sheng, Y.; Ming, X.; Jiang, G.-L.; Wang, W. Indications of IMRT, PRT and CIRT for HCC from
comparisons of dosimetry and normal tissue complication possibility. Strahlenther. Onkol. 2021, 198, 361–369.

11. Cozzi, L.; Comito, T.; Loi, M.; Fogliata, A.; Franzese, C.; Franceschini, D.; Clerici, E.; Reggiori, G.; Tomatis, S.;
Scorsetti, M. The Potential Role of Intensity-Modulated Proton Therapy in Hepatic Carcinoma in Mitigating the Risk of
Dose De-Escalation. Technol. Cancer Res. Treat. 2020, 19, 1533033820980412.

12. Toramatsu, C.; Katoh, N.; Shimizu, S.; Nihongi, H.; Matsuura, T.; Takao, S.; Miyamoto, N.; Suzuki, R.; Sutherland, K.;
Kinoshita, R.; et al. What is the appropriate size criterion for proton radiotherapy for hepatocellular carcinoma? A
dosimetric comparison of spot-scanning proton therapy versus intensity-modulated radiation therapy. Radiat. Oncol.
2013, 8, 48.

13. Gandhi, S.J.; Liang, X.; Ding, X.; Zhu, T.C.; Ben-Josef, E.; Plastaras, J.P.; Metz, J.M.; Both, S.; Apisarnthanarax, S.
Clinical decision tool for optimal delivery of liver stereotactic body radiation therapy: Photons versus protons. Pract.
Radiat. Oncol. 2015, 5, 209–218.

14. Arscott, W.T.; Thompson, R.F.; Yin, L.; Burgdorf, B.; Kirk, M.; Ben-Josef, E. Stereotactic body proton therapy for liver
tumors: Dosimetric advantages and their radiobiological and clinical implications. Phys. Imaging Radiat. Oncol. 2018, 8,
17–22.

15. Rizzo, A.; Ricci, A.D. PD-L1, TMB, and other potential predictors of response to immunotherapy for hepatocellular
carcinoma: How can they assist drug clinical trials? Expert Opin. Investig. Drugs 2022, 31, 415–423.

16. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.-Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al.
Atezolizumab plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905.



17. Abou-Alfa, G.K.; Chan, S.L.; Kudo, M.; Lau, G.; Kelley, R.K.; Furuse, J.; Sukeepaisarnjaroen, W.; Kang, Y.-K.; Dao,
T.V.; Toni, E.N.D.; et al. Phase 3 randomized, open-label, multicenter study of tremelimumab (T) and durvalumab (D) as
first-line therapy in patients (pts) with unresectable hepatocellular carcinoma (uHCC): HIMALAYA. J. Clin. Oncol. 2022,
40, 379.

18. Rizzo, A.; Dadduzio, V.; Ricci, A.D.; Massari, F.; Di Federico, A.; Gadaleta-Caldarola, G.; Brandi, G. Lenvatinib plus
pembrolizumab: The next frontier for the treatment of hepatocellular carcinoma? Expert Opin. Investig. Drugs 2022, 31,
371–378.

19. De Lorenzo, S.; Tovoli, F.; Barbera, M.A.; Garuti, F.; Palloni, A.; Frega, G.; Garajovà, I.; Rizzo, A.; Trevisani, F.; Brandi,
G. Metronomic capecitabine vs. best supportive care in Child-Pugh B hepatocellular carcinoma: A proof of concept. Sci.
Rep. 2018, 8, 9997.

20. Hilal, L.; Reyngold, M.; Wu, A.J.; Araji, A.; Abou-Alfa, G.K.; Jarnagin, W.; Harding, J.J.; Gambarin, M.; El Dika, I.; Brady,
P.; et al. Ablative radiation therapy for hepatocellular carcinoma is associated with reduced treatment- and tumor-
related liver failure and improved survival. J. Gastrointest. Oncol. 2021, 12, 1743–1752.

21. Mizumoto, M.; Okumura, T.; Hashimoto, T.; Fukuda, K.; Oshiro, Y.; Fukumitsu, N.; Abei, M.; Kawaguchi, A.P.D.;
Hayashi, Y.; Ookawa, A.; et al. Proton Beam Therapy for Hepatocellular Carcinoma: A Comparison of Three Treatment
Protocols. Int. J. Radiat. Oncol. Biol. Phys. 2011, 81, 1039–1045.

22. Hashimoto, T.; Tokuuye, K.; Fukumitsu, N.; Igaki, H.; Hata, M.; Kagei, K.; Sugahara, S.; Ohara, K.; Matsuzaki, Y.; Akine,
Y. Repeated proton beam therapy for hepatocellular carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2006, 65, 196.

23. Oshiro, Y.; Mizumoto, M.; Okumura, T.; Fukuda, K.; Fukumitsu, N.; Abei, M.; Ishikawa, H.; Takizawa, D.; Sakurai, H.
Analysis of repeated proton beam therapy for patients with hepatocellular carcinoma. Radiother. Oncol. 2017, 123,
240–245.

24. Hashimoto, S.; Ogino, H.; Iwata, H.; Hattori, Y.; Nakajima, K.; Nakanishi, M.; Baba, F.; Sasaki, S.; Shimamura, Y.;
Kuwabara, Y.; et al. Efficacy of Proton Beam Therapy for Hepatocellular Carcinoma with Portal Vein or Inferior Vena
Cava Tumor Thrombosis. Int. J. Radiat. Oncol. Biol. Phys. 2017, 99, E152–E153.

25. Wu, G.; Huang, G.; Huang, J.; Lu, L.; Peng, S.; Li, Y.; Zhao, W. Comparison of External Beam Radiation Therapy
Modalities for Hepatocellular Carcinoma With Macrovascular Invasion: A Meta-Analysis and Systematic Review. Front.
Oncol. 2022, 12, 829708.

26. Sugahara, S.; Oshiro, Y.; Nakayama, H.; Fukuda, K.; Mizumoto, M.; Abei, M.; Shoda, J.; Matsuzaki, Y.; Thono, E.;
Tokita, M.B.A.; et al. Proton Beam Therapy for Large Hepatocellular Carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2010,
76, 460–466.

27. Mizumoto, M.; Okumura, T.; Hashimoto, T.; Fukuda, K.; Oshiro, Y.; Fukumitsu, N.; Abei, M.; Kawaguchi, A.; Hayashi, Y.;
Ohkawa, A.; et al. Evaluation of Liver Function after Proton Beam Therapy for Hepatocellular Carcinoma. Int. J. Radiat.
Oncol. Biol. Phys. 2012, 82, e529–e535.

Retrieved from https://encyclopedia.pub/entry/history/show/59025


