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Carbonions and Proton Therapy for Hepatocellular Carcinoma: A Meta-analysis
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Abstract: Objective To evaluate the efficacy and safety of carbon ion and proton therapy for hepatocellular
carcinoma (HCC) by Meta-analysis. Methods PubMed, The Cochrane Library, EMBASE, Chinese Journal
Full-text, Chinese Biomedical Literature and Wanfang Database were searched to collect relevant clinical
studies on carbon ion and proton therapy for HCC. Two reviewers independently screened the literature
and extracted data based on inclusion and exclusion criteria. Meta-analysis was carried out by Stata 12.0.
Results We included 7 carbon ion and 23 proton therapy studies. According to the combined results, both
carbon ion and proton therapies for HCC obtained good local control rate and low adverse reactions, and the
incidence of severe adverse reactions was low. Subgroup analysis showed that carbon ion and proton therapies
improved the 5-year OS of HCC patients with either favorable or poor prognosis. Conclusion Both carbon
ion and proton therapies may be the effective alternative treatment options for HCC with favorable prognosis,
and also show better efficacy for HCC patients with poor prognosis.
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Figure 1 Flow chart of study selection
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Table 1 Basic characteristics of included studies
. Stud Research Patients M/F  Child-Pugh Diameter
Study Region desigyn Jear range Treatment @) Age(years) () A/B/C (ng) (cm)
Chadha, 2019" America R 2007-2016 Proton 46 72(52-90) 34/12  38/8/0 6(1.5-21)
Hong, 2016™ America I 2009.11-2015.2 Proton 44 70.5(53.6-89.7)  37/7 32/9/0 5.8(1.9-12)
Bush, 20117 America I 1998.4-2006.10  Proton 76 62.7(40-83) 53/23  22/36/18 5.5
Bush, 2004 America I - Proton 34 65(47-86) 25/9 14/7/7 5.7(1.5-10)
Kawashima, 2011 Japan I 1999.5-2007.7 Proton 60 70(48-92) 42/18  47/13/0 4.5(2-9)
Kawashima, 2005"" Japan I 1999.5-2003.2 Proton 30 70(48-87) 20/10  20/10/0  4.5(2.5-8.2)
Mizuhata, 2018"""  Japan R 2011.3-2015.12 Proton 40  72(38-87) 28/12  28/12/0  3.7(1.1-12.4)
Shibata, 2018™ Japan R 2011.3-2015.3 Proton 29  71(38-87) 22/7 24/5/0 6.9(5-13.9)
Yu, 2018 Korea P 2016.1-2017.2 Proton 101  63(35-91) 87/14  90/10/1  2.5(1-16)
Li, 20121 China R 2005.4-2010.5 Proton 75 49(27-91) 64/11  43/32/0 =
Chiba, 2005 Japan R 1985.11-1998.7 Proton 162 62.5(41-84) 124/38  82/62/10 -
Nakayama, 2009"Y  Japan R 2001.11-2007.12  Proton 318 69 230/88  234/77/7 =
Mizumoto, 2011"""  Japan R 2001.9-2007.11 Proton 266  70(26-88) 193/73  203/60/3 -
Fukuda, 2017"" Japan R 2002.1-2009.12  Proton 129 72(39-86) 86/43  101/28/0  3.9(1-13.5)
Sugahara, 2009"”  Japan R 1991.2-2005.9 Proton 35 63(42-80) 28/7 28/7/0 6(2.5-13)
Sugahara, 2010%”  Japan R 1985-2006 Proton 22 64(45-90) 18/4 11/11/0 11(10-14)
Kim, 2019"" Korea R 2012.6-2017.4 Proton 243  61(24-92) 211732 228/15/0  2.2(1-17)
Kim, 2015 Korea [ 2007.4-2010.12  Proton 8  70(51-78) 6/2 7/1/0 3.2(2-7)
7 66(57-73) 6/1 7/0/0 2.3(1.5-5)

12 63(56-75) 9/3 10/2/0 2.5(1.3-6.2)
Lee, 2014% Korea R 2008.7-2011.2 Proton 27 55(42-70) 22/5 18/9/0 7(3-16)
Lee, 20182 Korea R 2015.11-2016.12  Proton 22 70(46-88) 14/8 20/2/0 5.3(1.2-15)
Kim, 2017 Korea R 2012.6-2015.2 Proton 41 55(24-81) 35/6 36/3/0 5.8(2-16)
Komatsu, 2011%°  Japan R 2001.5-2009.1 Proton 242 = 182/60  184/55/3 =
Kimura, 2017%" Japan R 2008.10-2015.11  Proton 24 73(49-89) 21/3 24/0/0 5-18
Kato, 2004 Japan [/ 1995.6-1997.2  Carbonion 24  64(54-77) 13/11  16/8/0 5(2.1-8.5)
Kasuya, 20177 Japan [/ 1997.4-2003.2  Carbonion 126  68(37-84) 90/36  97/29/0 4(1-12)
Komatsu, 2011%°"  Japan R 2001.5-2009.1  Carbonion 101 = 73/28  78/20/3 =
Shibuya, 2018%”  Japan R 2005.4-2014.11 Carbonion 174  73(37-95) 114/60  153/20/0 3(0.8-10.3)
Shigeo, 2014"" Japan I  2003.4-2012.8 Carbonion 133  72(44-87) 91/42  123/10/0  4.2(1.4-14)
Shibuya, 2018%?  Japan I 2012.10-2016.4 Carbonion 21  76(58-88) 14/7 21/0/0 4.8(3-7.8)
Shiba, 20185 Japan R 2010.9-2016.12 Carbonion 22 77(57-95) /11 17/5/0 3(1.2-9)

46 74(45-90) 30/16  40/6/0 3.6(0.9-7.7)
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Recurrent/  TVT Dose Follow- o L
Study Primary(n) Yes/No(n) (GyE/Fr) up (month) OS(%) Toxicities (= Grade 3) AHRQ
5] 67.5(24-91)/ . . Ascites:4, hyperbilirubinemia:2, 6
Chadha, 2019 1036 13/33 15(6-25) 14.5(0.4-59.8) 1y:73,2y:62 Gl C.p+=2:4
Hong, 2016 14/30  15/29 40.5-67.5/15 19.5(0.6-55.9) 1y:76.5,2y:63.2 PLT:1 7
Bush, 20117 - - 63/15 - - - 6
Bush, 2004 = - 63/15 = 2y:55 = 4
Kawashima, 2011”7 36/24  42/18 60-76/10 - 3y:56,5y:25 Hepatic:9,Hematologic:14,GI:2 9
Kawashima, 2005"”"  17/13 12/18 76/35 - 1y:77,2y:66,3y:62  Hepatic:6, Hematologic:10 8
Mizuhata, 2018""  36/4 - 52.8-80/20-38 19.9(1.2-72.3) 1y:86,2y:76 GI:1,ascites: 1 8
Shibata, 2018 9/20 14/15  66-80.5/10-32 27(2-72) 2y:61 Hyperbilirubinemia:1,ascites:1, 6
pleural effusion:2
Yu, 2018 97/4 72/29 48-66/6-10  4.9(1.3-14.6) - C-P+2:4, hyperbilirubinemia: 5
5(IV:1),
AST:1,ALT:1,Anemia:2
Li, 2012 = 22/53  50-78/10-32 = 1y:72,3y:36 = 5
Chiba, 2005"" - - 50-84/10-24 31.7(3.1-133.2) 5y:23.5 Common bile duct
stenosis:1,Infection
biloma:2, GI: 2(=grade2)
Nakayama, 2009"% 180/138 - 55-79.2/10-22 19.3(1.2-63.6) 1y:89.5,3y:64.7,5y:44.6 Skin:4,GI:1 8
Mizumoto, 201" 167/99 - 66-77/10-35 - 1y:87,3y:61,5y:48  Skin:2(Acute);Skin:1,GI:3(Late) 8
Fukuda, 2017"% = - 66-77/10-35 55(43-67) = = 7
Sugahara, 2009"”  21/14 35/0  55-77/10-35 - 2y:48,5y:21 C-P class A to B:4 7
Sugahara, 2010%” 11/11  47.3-89.1/10-35 13.4(1.5-85)  1y:64,2y:36 = 7
Kim, 2019"" 233/10  59/184 50-66/10 31.5(2.1-68.2) 3y:61.8,5y:48.1 C-P+2:1,GI:1 8
Kim, 2015% 7/1 - 6020 31(5.2-63.4)  3y:56.4,5y:42.3 - 8
7/0 - 66/22
12/0 - 72124
Lee, 2014 21/6 27/0  50-66/20-22 13.2(2.4-51.7) 1y:55.6,2y:33.3 0 5
Lee, 2018 14/8 11/11  66-72.6/10-22 15.7(4-24.9)  1y:81.8 Skin:3,GI:2,C-P+2:1,Hepatic:1 6
Kim, 2017 31/10 41/0  50-66/10 15.2(3.5-50.2) 2y:51.1 0 6
Komatsu, 20117 132/146  73/205 52.8-84/4-38 31 5y:38 Skin:5(IV:1),GL:1, 9
Hepatic:1,Biloma:1
Kimura, 20177 - 20/4  60.8-85.8/10-35 17.5(3-64) 2y:52.4% Skin:2,C-P class A to B:6 5
Kato, 2004% 18/6 - 49.5-79.5/15 71(63-83) 1y:92,3y:50,5y:25  Skin:1,WBC:5,PLT:5(Acute), 6
PLT:3(Late)
Kasuya, 20177 60/66  23/110 52.8-69.6/12-4 27.1(0.9-154.8) 1y:90.3,3y:50,5y:25 C-P+=2:5Hepatic:2,Skin:3 9
(Acute); C-P+=2:6,Hepatic:2,
Skin:3, Pleural effusion:1(Late)
Komatsu, 2011%7  49/59 19/89 52.8-76/4-20 31 5y:36.3% Skin:1,Hepatic:3 9
Shibuya, 2018""  79/95 - 48-60/4 20.3(2.9-103.5) 1y:95.4,2y:82.5 Skin:1,Hepatic:1(Acute); 6
3y:73.3 Skin:6(IV:1),Hepatic:1(Late)
Shigeo, 2014"" = - 32-42.82 = 1y:96,3y:59 Hepatic:4(Acute); Hepatic:4(Late) 5
45/2 1y:95,3y:71
Shibuya, 20185 7/14 - 60/4 24.2(6.3-43.7) 1y:90.5,2y:80 Cholecystitis: 1,Hepatic:2 7
. [33] _ _ . g ;. .
Shiba, 2018 52 8-60/4 33.5(3.9-83.1) 3y:66(sarcopenia)  Hepatic:2(Acute); 7

3y:77(non-sarcopenia) Hepatic:2(late)

Notes: P: prospective study; R: retrospective study; I : Phase | clinical trial; II: Phase Il clinical trial; M/F: Male/Female; TVT: tumor vascular
thrombosis; AHRQ: Agency for Healthcare Research and Quality; GI: gastrointestinal tract; WBC: white blood cell count; PLT: platelet count; AST:

aspartate aminotransferase; ALT: alanine aminotransferase; —: not available.
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Study % Study %
D 1y OS (95% Cl) Weight D 208 (95%Cl)  Weight
Carbon ion .
Kat02004 —+— 0.92(0.81,1.03) 354 Carbon ion
Kasuya2017 r? 0.90 (0.85, 0.95) 15.61 Shibuya2018 0.82(0.77,0.88) 90.18
Shibuya2018 + | 0.95(0.92,0.99) 43.04 !
Shigeo2014 ~ 0.95(0.89, 1.01) 10.28 Shibuya2018 =— 0.80(0.63,097) 8.82
Shigeo2014 [+ 0.96(0.92, 1.00) 24.87 Subtotal (-squared = 0.0%, p = 0.786) <> 0.82(0.77,0.88)  100.00
Shibuya2018 —— 0.90(0.78, 1.03) 265
Subtotal (l-squared = 0.0%, p = 0.551) { 0.94(0.92,0.97) 100.00 Proton
Proton Chadha2019 —— 0.62(048,0.76) 2232
Chadha201 - 073(060,086) 1294 Hong2016 —%—  063(049,077) 2163
Hong2016 - 0.76(0.64,0.89) 13.22
Kawashima2005 ——  0.77(0.62,0.92) 11.09 Bush2004 —a— 055(0.38,0.72) 15.70
Mizuhata2018 - 086(0.75,0.97) 14.91 Kawashima2005 —%—  066(049,083) 1528
Li2012 £ 072(0.62,082) 1550 ) -
Nakayama2009 %] 0589(0.86,0.93) 22.04 Mizuhata2018 076(0.63,0.89) 2507
Lee2018 —%— 0.82(0.66, 0.98) 10.30 Subtotal (I-squared = 6.3%, p = 0.371) O 0.65 (0.59, 0.72)  100.00
Subtotal (I-squared = 68.8%, p = 0.004 < 0.80 (0.73, 0.87) 100.00
NOTE: Weights are from random effectd analysis
T T T T
.03 0 1.03 97 0 971
Study % Study %
10 3y 0S(35%Cl) Weight D 5y0S (95% Cl) Weight
Carbon ion Carbon ion
Kat02004 ———  050(0.30,0.70) 10.04
Kasuya2017 - 0.50 (0.41, 0.59) 16.94 Kato2004 * 025(0.08,042) 16.99
Shibuya2018 S 073(067.080) 18.22 Kasuya2017 —— - 0.25(0.17,0.33) 45.49
Shigeo2014 —%— 0.71(0.58,0.84) 13.99 Komatsu2011 —_— 0.36 (0.27, 0.46) 37.52
Shigeo2014 — 0.59 (0.49, 0.69) 15.95 Subtotal (I-squared = 44.6%, p = 0.165) <> 0.29 (0.21, 0.37) 100.00
Shiba2018 ——— 0.66(0.46, 0.86) 10.15 .
Shiba2018 —%— 0.77(0.65, 0.89) 14.71 Proton
Subtotal (l-squared = 76.4%, p = 0.000) <> 064(0.55,0.73) 100.00 Kawashima2009 025 (0.14,036) 1643
Proton Chiba2005 —— 0.23(0.17,0.30) 18.31
Kawashima2009 — 0.56 (0.43, 0.69) 17.81 Nakayama2009 - 0.45(0.39, 0.50) 18.90
Li2012 — 0.36(0.20, 0.52) 14.09 Kim2019 —%—  048(042 054) 1845
Nakayama2009 - 0.65 (0.59, 0.70) 29.20 Kim2015 ——— 0.42(0.23,0.61) 10.36
ot > 2 :ggg gs:; e Komatsu2011 - 038(0.32,0.44) 1856
i —_— X .37, 0. E 5 —87E0 o=
Subtotal (-squared = 68.2%, p = 0.014) <> 0.57 (0.50, 0.65) 100.00 Subtotal (-squared = 87.5%, p = 0.000) <> 0.37(028,046) 100.00
NOTE: Weights are from random effects pnalysis NOTE: Weights are from random effects anglysis
T T

T
-.892 0 892

B2 HEFMRFATHCCEE R MetaR HTFRKE

T
-613 0 613

Figure 2 Forest plot of meta-analysis on OS of HCC patients treated with carbon ion and proton therapy
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Table 2 Results of subgroup analysis on survival rate of HCC patients treated with  #1[X i <> 0 JE 42 35 B
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Group Study Patients(r) 0S(%) P
Child-Pugh
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Shibuya, 2018"" 153 2y:87.0(81.7-92.3)  0.020
BorC Komatsu, 201179 23 5y:33.3(14.0-52.6)
Shibuya, 2018"" 20 2y:52.4(30.5-74.3)
Prior treatment history
Yes Shibuya, 20185 79 2y:76.5(67.2-85.8)  0.112
No Shibuya, 2018%" 95 2y:87.7(81.1-94.3)
Kato, 2004%" 6 5y:50.0(10.0-90.0)
Tumor thrombus
Yes Komatsu, 201179 19 5y:22.0(3.4-40.6)  0.0055
No Komatsu, 20117 89 5y:47.8(37.4-58.2)
Tumor diameter (cm)
<5cm Komatsu, 201179 81 5y:53.5(42.6-64.4)  0.0003
=5cm Komatsu, 20117 22 5y:17.9(1.9-33.9)
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Tumor thrombus
Tumor hrombus Kim2019 _— 0.49 (0.31, 0.67) 47.88
Kowgarmaz0ts e Jerluoey 11 Km2019 - 039 021,059) 5212
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Kawaehima2005 —— 060 (0.44,0.04) 32.44
Subtotal (-squared = 0.0%, p= 0.522) <> 0.76(0.61,0.90) 100.00 Previous treatment
Previous treatnent Kawashima2011 —%—  053(0.37,069)1544
Chadha2019 —= 0.48(0.28,068) 5858 &;ﬁ;ﬁ%‘;’”“ o 82% Eg’gé' 82!13; 3;%
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Sibiota (Lsquared = %,p = ) ! 0.38 (0.31,0.45) 100.00 Table 3 Meta-analysis results of local control rate,
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Komatsu2011 0.41(0.18, 0.64) 20.19 .
Subtotal (-squared = 0.0%, p = 0.782) L] 0.38 (0.28, 0.49) 100.00 lOn/prOtOn therapy
Child-Pugh A
Nakayama2009 0.56 (0.50,0.62) 35.14
i £ sgats ag Grop oo Sample  Pensrile - nwy  p
Sublotal (+squared = 43.8%, p = 0.169) < 051 Eoﬁw oﬁseg 100.00 studies S1ze ( % (95 /"CI))
Child-Pugh B or C R
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e ared=06%,p=0000) i S ETLSTE 0720 Carbonion 4 446 96.0(93.8-98.2) 29.0 0.238
Tumor thrombus _
Tumor thrombu - 021 (0.06,038) 2567 Proton 3 334 97.7(96.1-99.3) 0 0.584
Kim2019 —_— 0.49 (0.31, 0.67) 20.05
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Table 4 Clinical study on carbon ion and proton therapy vs. other treatment on HCC

Study Treatment Before PSM After PSM
n OS(%) P n OS % P
Single HCC, carbon ion radiotherapy or TACE as a primary treatment 0.26 <0.05
Shiba, 20197 Carbon ion 31 3y:74 17 3y:88
TACE 23 3y:64 17 3y:58
HCC with IVCTT >0.05 0.106
Komatsu, 20175 PRT 31 ly:47, 3y:16 19  1y:68,3y:25
Resection 19 ly:34, 3y:14 19  1y:34,3y:14
T1-2N0 HCC - 0.010
Hasan, 2019"7 SBRT 918 25.2 month 56  1y:64.3,3y:30
PBT 71 31 month 56 1y:76.5,3y:36.7
Single primary nodular HCC < 100mm without vessel invasion 0.008
Tamura, 20199 Surgery 314 3y:84.5,5y:75.8 31 3y:81.0,5y:61.8  0.481
PBT 31 3y:69.2,5y:51.1 31 3y:69.2,5y:51.1
Nonmetastatic, unresectable HCC 0.008 -
Sanford, 2019"% Photon 84 2y:28.6
PBT 49 2y:59.1 - -
HCC without vascular invasion and extrahepatic disease >0.05 -
Bush, 2016™” PBT+LT 33 = =
’ TACE£LT 36 e%LIR - -

Notes: TACE: transarteria chemoembolization; SBRT: stereotactic radiotherapy; IVCTT: inferior vena cava tumor thrombus; LT: liver transplantation;

PSM: propensity score matching; PRT: particle radiotherapy; PBT: proton beam therapy; —: not anailable.
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