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1  | INTRODUC TION

Primary tumors originating from the nasal cavity and paranasal si-
nuses are rare but represent a heterogeneous group of histologies 

with substantially diverse biological behaviors. In total, sinonasal 
malignances (SNM) account for approximately 3%-5% of cancers in 
the head and neck region.1 Due to the inconspicuous anatomic loca-
tion, SNM are usually asymptomatic at early stages and diagnosed 
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Abstract
The aim of this study is to compare the effectiveness of carbon ion radiation therapy 
(CIRT), proton radiation therapy (PRT), and photon-based intensity-modulated radia-
tion therapy (IMRT) in the treatment of sinonasal malignancies. We identified studies 
through systematic review and divided them into three cohorts (CIRT group/PRT 
group/IMRT group). Primary outcomes of interest were overall survival (OS) and local 
control (LC). We pooled the outcomes with meta-analysis and compared the sur-
vival difference among groups using Chi2 (χ2) test. A representative sample of 2282 
patients with sinonasal malignancies (911 in the CIRT group, 599 in the PRT group, 
and 772 in the IMRT group) from 44 observation studies (7 CIRT, 16 PRT, and 21 
IMRT) was included. The pooled 3-year OS, LC, distant metastasis–free survival, and 
progression-free survival rates were 67.0%, 72.8%, 69.4%, and 52.8%, respectively. 
Through cross-group analysis, the OS was significantly higher after CIRT (75.1%, 95% 
CI: 67.1%-83.2%) than PRT (66.2%, 95% CI: 57.7%-74.6%; χ2 = 13.374, P < .0001) or 
IMRT (63.8%, 95% CI: 55.3%-72.3%; χ2 = 23.814, P < .0001). LC was significantly 
higher after CIRT (80.2%, 95% CI: 73.9%-86.5%) than PRT (72.9%, 95% CI: 63.7%-
82.0%; χ2 = 8.955, P = .003) or IMRT (67.8%, 95% CI: 59.4%-76.2%; χ2 = 30.955, 
P < .0001). However, no significant difference between PRT and IMRT for OS and LC 
was observed. CIRT appeared to provide better OS and LC for patients with malig-
nancies of nasal cavity and paranasal sinuses. A prospective randomized clinical trial 
is needed to confirm the superiority of CIRT in the treatment of sinonasal tumors.
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with extensive direct invasion to adjacent vital organs at risk (OARs). 
Surgery with negative margin is usually not feasible except for a mi-
nority of patients with early T-disease, and a multimodality strat-
egy with surgery and radiotherapy with or without chemotherapy 
is often needed to achieve long-term local control (LC) for locally 
advanced SNM. Radiotherapy is also the mainstay treatment for 
unresectable and inoperable diseases. Nevertheless, like in surgery, 
radiation dose is also limited by the presence of critical OARs adja-
cent to or tethered with the tumor. As such, treatment outcomes 
historically reported in the literature for unresected SNM have been 
suboptimal.

The prevailing use of three-dimensional conformal radiother-
apy (3D-CRT) has shed light to patients with SNM. The 5-year 
overall survival (OS) rate improved from less than 30% in the 
two-dimensional radiotherapy (2DRT) era to 50%-60% with the 
use of 3D-CRT.2-4 Nevertheless, whether the more advanced in-
tensity-modulated radiotherapy (IMRT) could further improve 
OS is controversial, although it significantly reduces radiation-in-
duced toxicities.3,5-7

The unique physical properties of accelerated charged parti-
cle (such as proton and carbon ion) beams including small lateral 
scattering and a dose-focusing Bragg peak followed by a rapid 
fall-off thereby promise a more conformal dose distribution 
than photon-based IMRT.8,9 The higher linear energy trans-
fer (LET) and greater relative biological effectiveness (RBE) 
of carbon ion as compared with photon or proton may further 
improve disease control and OS especially for radio-resistant 
histologies such as mucosal melanoma (MM), sarcoma, and ad-
enoid cystic carcinoma (ACC). In 2014, a meta-analysis10 that 
included a few observational studies using proton therapy (10 
studies with 218 patients) or heavy-ion radiotherapy (3 studies 
with 68 patients) revealed that charged-particle therapy signifi-
cantly improved the 5-year and/or long-term OS, disease-free 
survival (DFS), and potentially LC rates as compared with pho-
ton radiotherapy (30 studies including IMRT, 3D-CRT, 2DRT, 
or brachytherapy in 1186 patients). However, there were not 
enough carbon ion studies to compare the survival outcomes 
sufficiently, and direct comparison among IMRT, carbon ion ra-
diation therapy (CIRT), and proton radiation therapy (PRT) has 
not been attempted in view of the rarity of SNM and the scarce 
particle beam radiotherapy facilities. During the past 5 years, 
the prevailing use of advanced radiotherapy worldwide has 
made conventional 2DRT and 3D-CRT obsolete in the treat-
ment of tumors with complex anatomy such as SNM. In addi-
tion, the clinical efficacy of CIRT or PRT has been suggested by 
the results of a few more recently published11-16 retrospective 
studies, although many of them had a limited sample size.15,17,18 
However, it is highly improbable to initiate and complete a ran-
domized clinical trial to confirm superior outcomes of CIRT and 
PRT over IMRT. Therefore, we conducted this study to estimate 
the worldwide survival status and compare the treatment out-
comes of SNM patients who received CIRT or PRT versus pho-
ton-based IMRT.

2  | MATERIAL S AND METHODS

2.1 | Study design

We conducted a meta-analysis of SNM patients who received CIRT 
(including an unpublished online cohort from our institute), PRT, and 
photon-based IMRT. In addition, we compared the survival differ-
ence among combined cohorts and identified potential prognostic 
factors of SNM using Chi2 (χ2) test. The meta-analysis was per-
formed according to a defined protocol (Appendix S1) and reported 
adhering to the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses Statement (PRISMA) (Appendix S2).19 The un-
published online cohort from Shanghai Proton and Heavy Ion Center 
(SPHIC) has signed a patient consent form and has been approved by 
the ethics committee of SPHIC. This cohort study has been accepted 
by the Journal of Cancer Medicine20 but has not been published on-
line yet. The rest of the cohorts were from published studies online; 
thus, no patient consent or ethical approval was required.

2.2 | Search strategy and selection criteria

We conducted systematic literature searches to identify studies of 
interest with two search queries in PubMed, Web of Science, and 
the Cochrane library (last search updated in November 2019). The 
first search query was for identification of studies with CIRT or 
PRT in SNM, and the second one was for studies using IMRT. We 
used the PICO (patient, intervention, comparison, and outcome) 
framework21 to structure the search queries in PubMed with MeSH 
(Medical Subject Headings) terms if possible. The full search strategy 
is classified and reported in Appendix S3.

We included studies after 1990 that met all of the following 
criteria: (a) patients with primary SNM (ie, the maxillary, ethmoid, 
sphenoid, and frontal sinus or the nasal cavity); (b) treatment by ra-
diotherapy technology of IMRT, PRT, or CIRT; (c) reported outcomes 
of interest including survival, LC, and complications. CIRT has been 
an emerging radiation technology in the past 10 years. Many pa-
tients were treated using CIRT in combination with proton or photon 
to explore the toxicity, efficacy as well as the optimal dose through 
dose escalation. Because of the potential additional biologic effects 
of the beam with higher LET and RBE, patients who received com-
bined CIRT + PRT, CIRT + photon, and CIRT alone were defined as 
a single group (CIRT group) to be compared with other cohorts. For 
the same reasons, we grouped patients who received PRT and those 
who received PRT + photon together as “PRT group.” Patients who 
received only photon-based IMRT were defined as “IMRT group” to 
get relatively accurate estimate rates.

We excluded studies if they met one of the following criteria: 
(a) review, comment, or other nonoriginal study; (b) sample size less 
than five patients; (c) patient sample only included lymphoma; (d) 
survival data of interest not extractable (note22: Mohr et al reported 
inconsistent and illogical survival data in the abstract and different 
parts of the result section in 2015 and thus were excluded due to 
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unreliable data); (e) median follow-up time <6 months; (f) overlapped 
population (note: Dagan et al published two articles23,24 and one 
poster25 with overlapped study population between 2016 and 2019; 
we display their basic information in Table 1 but only included the 
article published in 2019 and the survival data not reported in the 
article published in 2019; we dealt with the other three articles pub-
lished by Zenda et al 26-28 between 2010 and 2014 in the same way). 
When patients in the study received IMRT and other conventional 
radiotherapy such as 2DRT or 3D-CRT, we excluded the study if the 
survival of the IMRT part was not extractable. We did not limit our 
study by language, country, or other conditions.

2.3 | Data collection

Data of eligible studies were extracted by two independent re-
viewers, and in case of discrepancies, consensus was reached in-
volving a third reviewer. We recorded general characteristics: the 
first author, year of publication, radiotherapy type, country, study 
period, sample size, follow-up time, treatment phase, treatment 
strategy, radiation dose, age, sex, lymph node status, T4, histologi-
cal type, tumor location, grade 3-5 adverse event rate (AER) and 
outcomes of interest. Primary outcomes of interest were defined 
as OS and LC. Secondary outcomes of interest were defined as 
distant metastasis–free survival (DMFS) and progression-free sur-
vival (PFS). We also divided and reported the histological types 
in detail: squamous cell carcinoma (SCC), adenocarcinoma (AC), 
MM, ACC, undifferentiated carcinoma (UC), mucoepidermoid car-
cinoma (MEC), olfactory neuroblastoma/esthesioneuroblastoma 
(ONB), neuroendocrine carcinoma (NEC), and other patterns ex-
cept lymphoma. Tumor locations were displayed as follows: nasal 
cavity, maxillary sinus, ethmoid sinus, sphenoid sinus, frontal 
sinus, and other or mixed locations.

2.4 | Data analysis

We performed the meta-analysis with STATA 15.0 (Stata Corp). 
Survival rate available or calculated through individual data with 
Statistical Package for the Social Science version 19.0 (SPSS) were 
pooled with a random-effects model. We calculated the mean 
follow-up time, mean age, and variance according to the meth-
ods detailed by Hozo et al.29 We also did meta-analysis of the 
follow-up time, toxicities, and age with a random-effects model. 
Heterogeneity across cohorts was evaluated by χ2 test and ex-
pressed as I2 statistic (<50% indicating obvious heterogeneity). In 
addition, we performed subgroup analysis and metaregression to 
test the heterogeneity. Potential publication bias was inspected 
with the symmetry of a funnel plot. Sensitivity analysis was per-
formed to detect the reliability and stability of our results. We 
compared the survival difference among cohorts using χ2 test. P 
value <.05 was defined as statistically significant and <.01 when 
doing repeated analysis.

3  | RESULTS

3.1 | Eligible studies

Forty-four (44) eligible studies (7 carbon ion,11-16 16 pro-
ton,17,18,24,28,30-41 and 21 IMRT5-7,42-59) including the unpublished on-
line data from our hospital20 were identified from the database (see 
Figure 1). A representative sample of 2282 real-world patients from 
49 cohorts (8 CIRT cohorts, 20 PRT cohorts, and 21 IMRT cohorts) 
was included. Characteristics of the included studies are shown in 
Table 1.

We pooled baseline information from the eligible studies and 
displayed it in Table 2. Overall, there were 911 patients in the 
CIRT group, 599 patients in the PRT group, and 772 patients in 
the IMRT group. The ratios of male patients in the CIRT, PRT, and 
IMRT group were 50.3%, 56.4%, and 63.1%, respectively. The 
mean age for the CIRT group was 58.1 (range 53.4-62.9) years, 
for the PRT group 54.8 (range 48.4-61.2) years, and for the IMRT 
group 58.2 (range 55.7-60.7) years. Most patients presented 
with T4 and N0 disease. The majority of the patients were treat-
ment-naive, but there were 104 (11.4%), 46 (7.7%), and 84 (10.9%) 
recurrent patients in each group, respectively. We also calculated 
the distribution of different histological types and primary sites. 
In the CIRT group, MM (28.9%) and ACC (42.7%) were the main 
constituents. In the PRT group, the top three pathological types 
were SCC (31.7%), ONB (26.7%), and MM (16.7%). SCC (31.3%), 
AC (23.0%), UC (15.0%), and ACC (10.6%) covered two-third of 
the IMRT group.

3.2 | Data synthesis and comparison

We calculated the mean follow-up time of different survival out-
comes and compared the pooled survival (Table 3). For all the co-
horts, the mean follow-up time was 36.8 (range 32.5-41.0) months 
for OS, 37.3 (range 32.1-42.5) months for LC, 38.9 (range 27.5-50.4) 
months for DMFS, and 40.4 (range 34.0-46.8) months for PFS. The 
pooled 3-year OS was 67% (95% CI: 62.0%-71.9%), 3-year LC was 
72.8% (95% CI: 68.0%-77.5%), 3-year DMFS was 69.4% (95% CI: 
60.8%-78.0%), and 3-year PFS was 52.8% (95% CI: 47.1%-58.5%) for 
all the SNM patients included, regardless of radiotherapy technol-
ogy or histological types. The corresponding funnel plots of OS and 
LC are shown in Figure S1. We did not perform further quantitative 
tests such as Begg's test or Egger's test in view of the very high het-
erogeneity (I2 > 80%).

All the eight cohorts in the CIRT group reported OS and LC, but 
only three cohorts reported DMFS, and five cohorts reported PFS. 
The mean follow-up time was 34.6 (range 24.4-44.8) months for OS 
and LC, 39.5 (range 15.3-63.6) months for DMFS and 25.1 (range 
19.2-30.9) months for PFS. The pooled 3-year OS was 75.1% (95% 
CI: 67.1%-83.2%), 3-year LC was 80.2% (95% CI: 73.9%-86.5%), 
3-year DMFS was 76.1% (95% CI: 65.2%-86.9%), and 2-year PFS was 
54.8% (95% CI: 46.3%-63.2%) for SNM patients who received CIRT. 
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The forest plots of OS and LC for the CIRT group are displayed in 
Figure 2.

All the 20 cohorts in the PRT group reported OS, and 14 co-
horts reported LC. There were 7 cohorts that reported DMFS, and 
18 cohorts reported PFS. The mean follow-up time was 41.6 (range 
35.5-47.7) months for OS, 36.0 (range 29.8-42.2) months for LC, 
37.0 (range 23.9-50.1) months for DMFS, and 42.6 (range 36.0-49.1) 
months for PFS. The pooled 3-year OS was 66.2% (95% CI: 57.7%-
74.6%), 3-year LC was 72.9% (95% CI: 63.7%-82.0%), 3-year DMFS 
was 67.6% (95% CI: 56.2%-79.1%), and 3-year PFS was 53.7% (95% 
CI: 43.7%-63.8%) for SNM patients who received PRT.

There were 18 cohorts of the IMRT group that reported OS, and 
15 cohorts reported LC. The mean follow-up time was 39.2 (range 
31.1-47.4) months for OS and 39.7 (range 29.9-49.5) months for LC. 
The pooled 3-year OS was 63.8% (95% CI: 55.3%-72.3%), and 3-year 
LC was 67.8% (95% CI: 59.4%-76.2%) for SNM patients receiving 
photon-based IMRT.

Through cross-group analysis, the OS was significantly higher 
for CIRT than for PRT (χ2 = 13.374, P < .0001) or IMRT (χ2 = 23.814, 
P < .0001), but there was no significant difference between PRT 
and IMRT (χ2 = 0.846, P = .358). LC was significantly higher for 
CIRT than for PRT (χ2 = 8.955, P = .003) or IMRT (χ2 = 30.955, 
P < .0001), but there was no significant difference between PRT 
and IMRT (χ2 = 3.014, P = .083). There was improved DMFS for 
CIRT compared with IMRT (χ2 = 6.782, P = .009), but there was no 
significant difference between CIRT and PRT or between PRT and 
IMRT. There was also no significant difference among the groups 
for PFS.

3.3 | Subgroup analysis

We also performed a subgroup analysis based on the follow-
ing aspects: treatment-naive or recurrent, reirradiated, surgi-
cally resected or not, chemotherapy or not, pathological types, 
primary sites, T4, and N0 if possible (Table 4). Compared with 
different subgroups in the table, the pooled OS (χ2 = 14.028, 
P < .0001) and LC (χ2 = 10.14, P = .001) rates of the studies 
in which all patients underwent surgical resection (regardless 
of extent) appeared to be better than those without surgery. 
Similarly, the pooled LC rate of the studies in which all patients 
received chemotherapy was better than those without chemo-
therapy (χ2 = 5.688, P = .017), although there was no significant 
difference for OS (χ2 = 0.614, P = .433). Moreover, ACC and 
ONB patients had relatively good prognosis. The 3-year OS for 
ACC (mean follow-up time: 34.9 months) was 83.3%, and 4-year 
OS for ONB (mean follow-up time: 48.1 months) was 88.6%. The 
3-year LC for ACC and ONB was 84.1% and 90.3%, respectively. 
Though the 2-year OS for MM was 66.6%, the 2-year LC could be 
as good as 81.4%. SCC patients had both poor OS and poor LC. 
As for the primary site, tumors originating from the nasal cavity 
and maxillary sinus had relatively good 3-year OS (nasal cav-
ity: 79.3%; maxillary sinus: 73.2%) and 3-year LC (nasal cavity: St
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86.1%; maxillary sinus: 81.7%). However, tumors originating 
from the ethmoid sinus may have relatively poor prognosis. 
Although we could not collect the entire T- and N-category–re-
lated survival, we extracted and pooled the survival of T4 and 
N0 subgroup patients, who covered 51.6%-90.2% of the entire 
population. The 3-year OS and LC of T4 patients was 60.3% and 
65.2%, respectively. The 3-year OS and LC of N0 patients was 
67.0% and 78.1%, respectively. For the recurrent patients, the 
2-year OS (n = 132) was 71.2% and the 2-year LC (n = 92) was 
66.5%. When treated with reirradiation (n = 57), the OS was 
77.9%, and the LC was 55.2% with a mean follow-up time of 18.6 
(range 16.0-21.4) months.

3.4 | Metaregression

We performed a metaregression analysis of the overall OS and 
LC based on the sample size, year of publication, and technology 
of radiotherapy, respectively. We found that the sample size and 
year of publication had no obvious effect on the heterogeneity 
of the OS or LC. Although the technology of radiotherapy had no 
significant relationship with the heterogeneity of OS (P = .16) or 
LC (P = .106) either, it might contribute to 4.84% and 7.7% het-
erogeneity, respectively. We display the metaregression results of 
the OS based on the year of publication and radiotherapy technol-
ogy in Figure S2.

F I G U R E  1   Flow chart. *One study published before 1990 which met the exclusion criteria was excluded and meta-analysis 2014 referred 
to the article published in lancet oncology in 2014 by Patel, S. H. et al
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3.5 | Sensitivity analysis

We performed a sensitivity analysis of the overall OS (46 cohorts), 
LC (37 cohorts), and DMFS (15 cohorts) including the cohorts with 
100% survival (Figure S3). The combined survival rates were 67.0% 
(95% CI: 62.0%-71.9%), 72.8% (95% CI: 68.0%-77.5%), and 69.4% 

(95% CI: 60.8%-78.0%) for the OS, LC, and DMFS, respectively. The 
results were in concordance with our previous data listed in Table 3. 
When taking out of each cohort from the population to analyze the 
rest cohorts, the remaining studies had similar combined results of 
OS, LC, and DMFS (Appendix S4). As such, we considered the re-
sults in this study reliable and stable.

TA B L E  2   Pooled baseline information of the eligible studies

CIRT group PRT group IMRT group

Cohorts (n) 8 20 21

Total patients (n) 911 599 772a 

Sex (n, %)

Male 458 (50.3%) 338 (56.4%) 559 (63.1%)b 

Female 453 (49.7%) 261 (43.6%) 327 (36.9%)b 

Mean age (range) (year) 58.1 (53.4-62.9) 54.8 (48.4-61.2) 58.2 (55.7-60.7)

T4 (n, %) 625 (68.6%) 309 (51.6%) 538 (60.7%)b 

N status (n, %)

N0 822 (90.2%) 370 (61.8%) 572 (64.6%)b 

N+ 54 (5.9%) 85 (14.2%) 72 (8.1%)b 

NA 35 (3.9%) 144 (24.0%) 242 (27.3%)b 

Treatment status (n, %)

Naive 807 (88.6%) 553 (92.3%) 688 (89.1%)

Recurrent 104 (11.4%) 46 (7.7%) 84 (10.9%)

Dose range (cGy/GyE) 57.6-80.0 12.0-89.6 50.4-79.0

Pathology (n, %)

MM 263 (28.9%) 100 (16.7%) 36 (4.3%)

ACC 389 (42.7%) 64 (10.7%) 89 (10.6%)

SCC 109 (12.0%) 190 (31.7%) 262 (31.3%)

NEC 1 (0.1%) 22 (3.7%) 13 (1.6%)

ONB 40 (4.4%) 160 (26.7%) 45 (5.4%)

AC 46 (5.0%) 23 (3.8%) 192 (23.0%)

UC 6 (0.6%) 14 (2.4%) 125 (15.0%)

MEC 6 (0.6%) 5 (0.8%) 5 (0.6%)

Sarcoma 24 (2.6%) 0 23 (2.8%)

NA 27 (3.0%) 21 (3.5%) 45 (5.4%)

Total 911 (100%) 599 (100%) 835 (100%)

Primary site (n, %)

Nasal cavity 299 (32.8%) 186 (31.1%) 116 (15.0%)

Maxillary sinus 270 (29.6%) 108 (18.0%) 85 (11.0%)

Ethmoid sinus 108 (11.9%) 50 (8.3%) 190 (24.6%)

Sphenoid sinus 31 (3.4%) 20 (3.3%) 15 (2.0%)

Frontal sinus 9 (1.0%) 1 (0.2%) 1 (0.1%)

Mixed sites 81 (8.9%) 96 (16.0%) 22 (2.9%)

NA 113 (12.4%) 138 (23.1%) 343 (44.4%)

Abbreviations: AC, adenocarcinoma; ACC, adenoid cystic carcinoma; CIRT, carbon ion radiation therapy; IMRT, intensity-modulated radiation 
therapy; MEC, Mucoepidermoid carcinoma; MM, mucosal melanoma; NA, not available; NEC, neuroendocrine carcinoma; ONB, olfactory 
neuroblastoma; PRT, proton radiation therapy; SCC, squamous cell carcinoma; UC, undifferentiated carcinoma.
aThis number only included patients who received IMRT. 
bThe total sample size was 886. 
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3.6 | Toxicities

We recorded the occurrence of grade 3-5 adverse effects and calcu-
lated the corresponding AER. Seven of the eight CIRT cohorts cover-
ing 99.4% of the CIRT-treated population reported acute grade 3-5 
AER. Only one case series of five patients did not report AER.12 The 
rates were substantially lower in the PRT group (11/20 cohorts, 45.6% 

of the population) and the IMRT group (12/21 cohorts, 75.8% of the 
population). The overall acute AER of the CIRT group was 31.1% (95% 
CI: 22.9%-39.3%), which was higher than the IMRT group (23.9%, 95% 
CI: 10.8%-36.9%). In the CIRT group, the percentages of the severe 
acute AER (ie, grade 3-5) ranged from 0% to 41.6%, including three 
cohorts14,16 reporting > 40% severe acute AER. Two16 of these three 
cohorts divided from one article studied IMRT followed-by CIRT 

TA B L E  3   Summary of meta-analysis results

Outcome
Cohorts 
no.

Sample 
size

Mean follow-up 
time (mo) Survival, 95% CI I2, %

χ2 
(comparison)

P 
value*

OS

CIRT 8 911 34.6 (24.4-44.8) 75.1% (67.1%-83.2%) 85.4% 13.374 (CIRT 
vs PRT)

<.0001

PRT 20 563 41.6 (35.5-47.7) 66.2% (57.7%-74.6%) 77.8% 0.846 (PRT vs 
IMRT)

.358

IMRT 18 673 39.2 (31.1-47.4) 63.8% (55.3%-72.3%) 81.9% 23.814 (CIRT 
vs IMRT)

<.0001

Total 46 2183 36.8 (32.5-41.0) 67.0% (62.0%-71.9%) 83.6% 26.489 
(among 
groups)

<.0001

LC

CIRT 8 911 34.6 (24.4-44.8) 80.2% (73.9%-86.5%) 77.4% 8.955 (CIRT 
vs PRT)

.003

PRT 14 413 36.0 (29.8-42.2) 72.9% (63.7%-82.0%) 80.1% 3.014 (PRT vs 
IMRT)

.083

IMRT 15 644 39.7 (29.9-49.5) 67.8% (59.4%-76.2%) 81.9% 30.955 (CIRT 
vs IMRT)

<.0001

Total 37 1968 37.3 (32.1-42.5) 72.8% (68.0%-77.5%) 83.3% 31.432 
(among 
groups)

<.0001

DMFS

CIRT 3 338 39.5 (15.3-63.6) 76.1% (65.2%-86.9%) 83.0% 5.379 (CIRT 
vs PRT)

.02

PRT 7 278 37.0 (23.9-50.1) 67.6% (56.2%-79.1%) 73.5% 0.378 (PRT vs 
IMRT)

.539

IMRT 5 153 41.0 (13.0-69.0) 64.7% (40.9%-88.4%) 93.8% 6.782 (CIRT 
vs IMRT)

.009

Total 15 769 38.9 (27.5-50.4) 69.4% (60.8%-78.0%) 87.2% 8.573 
(Among 
groups)

.014

PFSa 

CIRT 5 679 25.1 (19.2-30.9) 54.8% (46.3%-63.2%) 66.5% 0.163 (CIRT 
vs PRT)

.687

PRT 18 563 42.6 (36.0-49.1) 53.7% (43.7%-63.8%) 84.0% 1.435 (PRT vs 
IMRT)

.231

IMRT 8 410 43.3 (29.1-57.6) 49.8% (40.4%-59.2%) 68.4% 2.596 (CIRT 
vs IMRT)

.107

Total 31 1652 40.4 (34.0-46.8) 52.8% (47.1%-58.5%) 79.5% 2.681 
(Among 
groups)

.262

Abbreviations: CI, confidence interval; CIRT, carbon ion radiation therapy; DMFS, distant-metastasis–free survival; IMRT, intensity-modulated 
radiation therapy; LC, local control; OS, overall survival; PFS, progress-free survival; PRT, proton radiation therapy.
aWe pooled PFS and disease-free survival together as PFS. 
*P < .05 has statistical significance for comparison among groups and P < .01 has statistical significance for repeating analysis between groups. 
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boost to treat patients, and another cohort14 focused on malignant 
melanoma originated from the nasal cavity treated with CIRT alone. 
The PRT group had the slightest acute toxic reaction (14.4%, 95% CI: 
10.0%-18.7%) with reported percentages ranging from 0% to 40%. 
The reported severe acute AER of the IMRT group ranged from 0% 
to 52% across different cohorts. The late toxic reactions were similar 
among the three groups, ranging from 10.8% to 13.4%.

4  | DISCUSSION

Our study of 2282 patients from the real world revealed that CIRT 
might be the optimal radiotherapy technology for malignancies of 
the nasal cavity and paranasal sinus. This was the first direct and 
effective comparison among CIRT, PRT, and photon-based IMRT 
with sufficient available population. Our analysis indicated improved 
3-year OS and LC rates for patients who received CIRT as compared 

with those treated with PRT or IMRT. CIRT might also have im-
proved effects on DMFS, which warrants further investigation for 
its mechanism.

The efficacy of particle beam radiotherapy (PBRT) versus pho-
ton-based radiotherapy has been previously addressed in a few ret-
rospective studies and a well-conducted meta-analysis published in 
2014.10 However, the technology of radiotherapy used in many of 
the historical studies was conventional (eg, 2DRT and 3D-CRT). Its 
results10 suggested an advantage of PBRT over conventional pho-
ton radiotherapy (including 2DRT, 3D-CRT, and IMRT), and the sub-
group analysis indicated PRT (n = 191) had higher DFS at 5 years 
and locoregional control at longest follow-up than IMRT. However, 
the insufficient number of studies on CIRT limited further subgroup 
analysis that compared different PBRT technologies. In the past 5 
years, several publications using more advanced and precision ra-
diation technologies such as IMRT and PBRT have been published 
for SNM owing to the constantly updated radiotherapy equipment 

F I G U R E  2   Forest plots of overall 
survival and local control for the CIRT 
group. CIRT, carbon ion radiation therapy; 
IMRT, intensity-modulated radiotherapy; 
SPHIC, Shanghai Proton and Heavy Ion 
Center
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worldwide. In addition, IMRT has replaced 3D-CRT and 2DRT and 
became a standard technology of radiotherapy for SNM. After a 
stringent screening, seven studies on CIRT published after 2014 
including 911 patients with SNM (along with 111 unpublished on-
line cases from the authors' own institute) were analyzed11-16,20. 
Moreover, 12 studies on PRT (with 508 patients) and 11 studies on 
photon-based IMRT (with 329 patients) that have been published 
since 2014 were accrued to our analysis.11-18,24,28,30-36 With this 
surge of publications on CIRT and PRT in the management of SNM 
in the past several years, we consider that an update that directly 
compares the effectiveness of CIRT, PRT, and photon-based IMRT is 
feasible and necessary.

In our study, we combined the reported year of survival adjacent 
to the median follow-up time of each included study and got the es-
timated month of pooled survival through meta-analysis of the me-
dian follow-up time and its variance instead of extracting outcomes 
at 5 years and at the longest follow-up as performed in the previously 
published meta-analysis. Through efficient analysis, we concluded 
that there were no significant differences between PRT and IMRT in 
OS, LC, DMFS, and PFS rates at 3 years but demonstrated the superi-
ority of CIRT over both PRT and X-ray–based IMRT in detail. Most pa-
tients in our study were treatment-naive and presented with T4 or N0 
disease. The overall 3-year OS, LC, DMFS, and PFS of SNM patients 
were 67%, 72.8%, 69.4%, and 52.8%, respectively. When treated with 
CIRT, the treatment-naive patients could achieve a 3-year OS of 75% 
and a 3-year LC of 79.6%. We also found that patients who received 
surgery followed by adjuvant radiotherapy appeared to have better 
OS and LC than those who had radiotherapy alone. However, as the 
majority of patients presented with inoperable T4 disease with ex-
tensive invasion, the data set is skewed, and the seemingly improved 
outcome of combined modality over radiotherapy alone is most likely 
due to the favorable presenting stage of the disease. Nevertheless, 
our finding may explain, at least in part, why patients with malignan-
cies of nasal cavity had better prognosis than those with ethmoid 
sinus, as surgery is more feasible for nasal cavity tumors.

The more commonly diagnosed histological types of SNM are of 
epithelial origin and include SCC (51.6%), AC (12.6%), ONB (6.3%), 
ACC (6.2%), MM (6.6%), and UC (3.1%).10 Soft-tissue and bone sar-
comas of the head and neck commonly originate from the nasal 
cavity as well as paranasal sinuses. Due to their inconspicuous an-
atomic location, SNM are usually asymptomatic at early stages and 
diagnosed with extensive direct invasion to adjacent vital OARs 
such as skull base, orbit, optic nerve/chiasm, brain, and/or brain 
stem. This reduces the opportunity of surgery and increases the 
difficulty of radiation dose distribution sufficient for disease con-
trol. Thus, the most common treatment failure pattern of SNM is 
local recurrence. The characteristics of carbon ion beams such as 
higher LET and greater RBE as well as their precise dosimetric dis-
tribution provide advantages for treating resistant histologies close 
to critical OARs. In the current analysis, patients with ACC and 
ONB achieved relatively good prognosis in terms of disease control. 
However, more acute grade 3-5 toxicities were observed after CIRT 
treatment (31.1%) in the literature as compared with proton and O
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photon therapy. This finding is highly different from what we had 
observed from our patients (0%).20 Several cohorts exhibited par-
ticularly high probability of acute severe toxicity in our study. The 
following four reasons could be considered for such findings. First, 
seven out of eight studies on CIRT reported acute adverse effects. 
However, the studies on PRT and IMRT reported acute adverse 
effects for only 45.6% and 75.8%, respectively. Thus, the pooled 
rates of acute adverse effects from the PRT and IMRT groups could 
be underestimated and inaccurate. Second, the high rates of acute 
adverse events reported by Akbaba et al could be partly attributed 
to the high radiotherapy dose delivered.16 Patients in that study 
received combined photon-based IMRT (48-56 Gy in 1.8 or 2 Gy 
fractions) followed by carbon ion radiation boost (18-24 Gy RBE in 
3 Gy RBE fractions), with or without surgery, to a median combined 
dose of 80 Gy (range 71-80 Gy), whereas most photon-based IMRT 
cases reported in other studies used 70 Gy or less. Third, the use 
of surgery may complicate the analysis of adverse effects. For pa-
tients who received complete resection (eg, maxillectomy) before 
radiation, oral mucosa might be easily excluded from high-dose 
radiation field. On the other hand, surgery may affect the blood 
supply to the surgical bed which is usually encompassed by adju-
vant radiation. In the study reported by Akbaba et al,16 the acute 
and late grade 3-5 reactions were 34.4% and 6.2% after CIRT, and 
41.6% and 17.2% after surgery followed by adjuvant CIRT. Fourth, 
most of the CIRT patients received treatment in Japan, and the bio-
logical model used for dose calculation (ie, the micro kinetic model 
[MKM]) is different from that used in Germany and our institution 
(ie, the local effect model [LEM]). The daily per fraction equivalent 
dose could be higher after conversion for patients treated using 
MKM.60,61 In addition, hypofractioned CIRT is commonly practiced 
in Japan, and all patients treated at the Heidelberg Ion Therapy 
Center and our institute used 3.0 Gy (RBE) per fraction.

The present study has some limitations. First and most impor-
tantly, all the eligible studies were observation studies and 10 of 
them had less than 10 patients. Some variables and survival data 
might not be available or accurate. This may influence the reliability 
of our results to a limited extent. However, given the limited num-
ber of publications on the subject, these studies were of the high-
est quality available in the most updated literature search. With 
the prevailing application of proton and carbon ion radiotherapy 
worldwide, it is important to update the knowledge with the most 
recent available data to guide the clinical practice and decisions on 
public health endeavors. Second, three studies17,18,36 that reported 
100% survival rate in the PRT group (2 for OS, 1 for LC, and 1 for 
DMFS) and one study59 that reported 100% LC rate in the IMRT 
group were excluded when pooled survival rate was calculated in 
Stata. However, these studies had quite small sample size and the 
influence could be ignored to some extent. We also performed sen-
sitivity analysis including these four studies, which resulted in similar 
findings, as displayed in Appendix S4. Third, the results could have 
selection bias. SNM consists of many kinds of histological types and 
each radiotherapy group had a different pathological constituent 
ratio. However, the proportion of patients with high-risk pathologies 

such as MM in the CIRT group was much higher than in the PRT or 
IMRT group, which in turn confirmed the better tumor control and 
survival in the CIRT group. Fourth, the between-study heterogene-
ity should not be neglected. We performed subgroup analysis to test 
the heterogeneity and listed the results in detail. We also performed 
metaregression and sensitivity analysis to detect the heterogeneity 
and its influence on the results. However, metaregression, sample 
size, year of publication, and radiotherapy technology were not the 
main reasons for heterogeneity. In stead, the different histological 
types and primary sites should be considered. After sensitivity anal-
ysis, the heterogeneity among cohorts did not affect the stability 
and reliability of the results.

Despite the pitfalls mentioned above, the study was conducted 
to evaluate the effectiveness of conventional and novel radiation 
technologies head to head at the appropriate time. Our study firstly 
highlights promising treatment outcomes for SNM patients by CIRT 
in contrast to both PRT and photon-based IMRT. A prospective clin-
ical trial is being evaluated at the SPHIC to confirm our results with 
much evidence of higher quality. As more and more particle therapy 
centers are expected to spring up all over the world in the follow-
ing decade, prospective data on long-term effect, quality of life, and 
cost effectiveness of PBRT will be useful for effective utilization of 
the novel technology in SNM treatment.
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