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a b s t r a c t

Purpose: To synthesize and compare available evidence considering the effectiveness of carbon-ion, pro-
ton and photon radiotherapy for head and neck cancer.
Methods: A systematic review and meta-analyses were performed to retrieve evidence on tumor control,
survival and late treatment toxicity for carbon-ion, proton and the best available photon radiotherapy.
Results: In total 86 observational studies (74 photon, 5 carbon-ion and 7 proton) and eight comparative
in-silico studies were included. For mucosal malignant melanomas, 5-year survival was significantly
higher after carbon-ion therapy compared to conventional photon therapy (44% versus 25%; P-value
0.007). Also, 5-year local control after proton therapy was significantly higher for paranasal and sinonasal
cancer compared to intensity modulated photon therapy (88% versus 66%; P-value 0.035). No other sta-
tistically significant differences were observed. Although poorly reported, toxicity tended to be less fre-
quent in carbon-ion and proton studies compared to photons.
In-silico studies showed a lower dose to the organs at risk, independently of the tumor site.
Conclusions: For carbon-ion therapy, the increased survival in mucosal malignant melanomas might sug-
gest an advantage in treating relatively radio-resistant tumors. Except for paranasal and sinonasal cancer,
survival and tumor control for proton therapy were generally similar to the best available photon radio-
therapy. In agreement with included in-silico studies, limited available clinical data indicates that toxic-
ity tends to be lower for proton compared to photon radiotherapy.
Since the overall quantity and quality of data regarding carbon-ion and proton therapy is poor, we rec-
ommend the construction of an international particle therapy register to facilitate definitive comparisons.

� 2010 Elsevier Ltd. All rights reserved.
Introduction

Head and neck cancer (HNC) covers a heterogeneous group of
cancers, which includes paranasal and sinonasal cancer and cancer
of the salivary gland, lip, oral cavity, pharynx and larynx. When
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considering cancer of the oral cavity, pharynx and larynx in Europe,
the annual incidence is approximately 147,500. This represents
4.6% of all cancer cases, accounting for 63,400 deaths.1

Treatment options for HNC consist of radiotherapy, surgery,
chemotherapy or a combination of these modalities. There is a
growing body of evidence suggesting that more aggressive treat-
ment regimes, such as altered fractionation schedules for radio-
therapy or (concomitant) chemoradiation improve tumor control
and survival.2–4 Recent meta-analyses showed absolute improve-
ments in 5-year survival of 3% for altered fractionation versus con-
ventional fractionation and of 5% for chemotherapy versus no
chemotherapy.3,4 However, mainly due to the close proximity of
critical organs and the often large irradiation fields, the improved
outcomes in these aggressive treatment regimes come at the cost
of increased treatment toxicity. Late toxicities (including xerosto-
mia and dysphagia) affect a substantial proportion of HNC patients
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and negatively affects patients’ functional outcomes and quality of
life.5–9

Particle therapy using carbon-ions or protons is currently gain-
ing importance worldwide.10 Compared with photons, the in-
depth dose distribution of particles allows a more accurate dose
administration, resulting in an increased therapeutic ratio. Based
on these physical characteristics, it is supposed that less normal
tissue will be irradiated compared with photon radiation, presum-
ably resulting in less treatment related toxicity.11,12 On the other
hand, the increased therapeutic ratio possibly permits dose escala-
tion to the tumor, resulting in a higher tumor control probability.
Next to these physical advantages, carbon-ion radiotherapy com-
prises an increased radiobiological efficacy, especially in the Bragg
peak. Hence, to decrease treatment related toxicity and potentially
further improve outcome, particle therapy could be a valuable
technology in the treatment of HNC. Nevertheless, several reviews
indicated that based on clinical evidence it remains unclear, mainly
because of the absence of randomized trials, whether particle ther-
apy is superior over radiotherapy with photons in HNC.13–20 This
makes it difficult to decide whether particle therapy should be
implemented as a (routine) treatment in clinical practice.21 How-
ever, decisions need to be made. In addition to the available clinical
evidence, comparative in-silico studies, which analyze computer-
predicted dose parameters in radiotherapy treatment planning
for different radiation techniques, offer an alternative approach
to estimate the potential gain of particle therapy.20,22 Our aim
was therefore to synthesize all available evidence, from clinical
studies as well as comparative in-silico studies. This resulted in
the following objectives (1) to review and synthesize available
clinical evidence considering the effectiveness (i.e. tumor control,
survival and late treatment toxicity) of carbon-ion and proton
radiotherapy compared with the best available photon radiation
in patients receiving radiotherapy treatment for HNC and, (2) to re-
view available comparative in-silico studies comparing carbon-ion
and proton radiotherapy with photon therapy in HNC.
Methods

Search strategy and selection criteria

Systematic literature searches were conducted to identify avail-
able clinical particle and photon studies. A first search query was
constructed to identify studies using carbon-ions or protons in
HNC. Included photon studies were identified using a second
(intensity modulated radiotherapy) and third (conventional radio-
therapy) search query. The PICO (patient, intervention, comparison
and outcome) framework23 was used to structure all three search
queries in Pubmed. MeSH terms as well as free text words were
used. The keywords were ‘head and neck cancer’ AND (‘proton
radiotherapy’ OR ‘carbon-ion radiotherapy’ OR ‘intensity modu-
lated radiotherapy’ OR ‘radiotherapy’) AND (‘survival’ OR ‘adverse
effects’). The full search strategy is reported in Appendix 1.

All search queries were updated until February 2010. In addi-
tion, manual searches of reference lists were performed to comple-
ment all three search queries. For particle therapy, supplementary
manual searches of conference proceedings were performed.

Clinical studies were included if they were published after 1990,
written in English, examined carbon-ions, protons or photons,
examined treatment of primary tumors, examined radical treat-
ment (defined as a treatment with the intent to obtain loco-regio-
nal disease control) and had a patient sample P10. For photon
therapy, if available, only studies using intensity modulated radio-
therapy (IMRT) were included. If no IMRT studies were available,
studies administering conventional photon therapy were included.
Further, photon studies were only included if tumor control or
survival data was reported. In order to collect all available evidence
on particle therapy, particle studies were also included if they re-
port toxicity data only. Occasionally data were reported in multiple
publications. In case of overlap in data and if both studies reported
the required data, only the study with the largest sample size was
included.

To identify in-silico studies comparing particle therapy and
photon therapy in HNC, a fourth search strategy was constructed.
This search query was structured as described above for clinical
studies. The search query was equal to the first search query, ex-
cept for the keyword ‘radiotherapy planning’ instead of (‘survival’
OR ‘adverse effects’) (Appendix 1).

In-silico studies were included if they were published after
1990, written in English, performed a direct comparison of particle
therapy (carbon-ions or protons) with photon therapy, examined
treatment of primary tumors, reported dose to the organs at risk
and had a patient sample P5.
Data extraction

General characteristics were extracted from clinical studies:
first author, year of publication, treatment type, sample size, dose
per fraction, number of fractions, total treatment dose, study pop-
ulation (age, tumor stage, location and histology, percentage of
operated patients, and percentage patients of receiving chemother-
apy), late treatment toxicity, local control, disease free survival and
overall survival outcomes at 2- to 5-year. Since HNC represents a
heterogeneous patient group with different treatment modalities
and prognosis, the comparisons of clinical studies were categorized
according to location or histology. The subgroups were nasopha-
ryngeal cancer, oropharyngeal cancer, paranasal and sinonasal can-
cer, mucosal malignant melanomas and adenoid cystic carcinomas.
Because radiotherapy toxicity is location specific, different types of
toxicities were examined for different subgroups. Xerostomia and
dysphagia were considered in nasopharyngeal and oropharyngeal
cancer, visual toxicity in paranasal and sinonasal cancer, visual,
skin and mucosal toxicity in mucosal malignant melanomas and
all reported toxicity in adenoid cystic carcinomas. Toxicity data
were extracted per type and grade independently of the classifica-
tion system.

The following characteristics were extracted for included in-sil-
ico studies: first author, year of publication, treatment types, sam-
ple size, tumor location and/or histology, dose parameters of target
volume (coverage, conformity index24 and inhomogeneity) and
dose to organs at risk (dose to the optic nerves for paranasal sinus
carcinomas and for all other sites dose to the parotid glands and
pharyngeal constrictors). These organs at risk were selected since
they are associated with visual impairment,25 xerostomia26 and
dysphagia.27,28

All data were independently extracted by two reviewers (BR
and MPJ), if necessary data were extracted from figures. Discrepan-
cies were solved in consensus meetings with all authors.
Statistical analysis

If tumor control or survival outcomes were available per sub-
group for at least two comparators, data from clinical studies were
pooled for the longest available follow-up period. Pooling was per-
formed by means of a random effect meta-regression analysis. If
corresponding standard errors (se) were not reported in included
studies, we calculated them using the standard method for propor-
tions.29 If patients were censored, we used the Peto method.30,31 In
case the number of censored patients was not reported, we as-
sumed the maximum percentage of censored patients reported in
the included studies in the subgroup concerned.
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Through relating the outcomes (e.g. survival) to potentially con-
founding variables (e.g. differences between the included studies
in the percentage of patients receiving chemotherapy) in the
meta-regression analyses, we explored the effect of these covari-
ates on the outcome.32 We did this by firstly calculating the overall
mean for these covariates among all included studies in the
subgroup concerned. Secondly, we calculated for each study sepa-
rately how much the covariate deviated from the overall mean.
Finally, this deviation from the overall mean was included in the
meta-regression model as an independent covariate. This was done
separately for each subgroup for the following covariates: the pro-
portion of patients having T4 tumors, N3 tumors, stage IV tumors,
the proportion of patients receiving chemotherapy, the proportion
of operated patients and publication year. Only covariates which
significantly influenced the outcomes were included in the final
meta-regression models.

For comparative in-silico studies, results were reviewed only
and no statistical analyses were performed.

All analyses were performed in STATA 9.1 and a P-value 6 0.05
was considered statistically significant. Further, this meta-analysis
was performed according to proposed guidelines.33
Results

The three search strategies considering clinical studies identi-
fied 86 eligible observational studies: five studies using carbon-
ion therapy, seven studies using proton therapy and 74 studies
using photon therapy. The fourth search strategy identified eight
eligible comparative in-silico studies (Appendix 2). Included and
excluded particle studies and in-silico studies were reported in
Appendix 3. The characteristics of the clinical studies pooled in
the meta-analyses were reported in Appendix 4. Further, results
of the meta-analyses are presented in Fig. 1 and Table 1. The eight
in-silico studies were reviewed separately from the clinical studies.

Head and neck cancer

Three studies on particle therapy (two carbon-ion and one pro-
ton)34–36 and eight studies on IMRT37–44 reported on a mixed group
(multiple sub-sites) of HNC patients. Local control (LC) rates at 2-
and 5 year were 80–85% and 60–70% for carbon-ion therapy, 87%
and 74% for proton therapy and 2-year LC ranged between 76%
and 100% for IMRT. Disease free survival (DFS) estimates at 2-
and 5-year were 56% and 29% for proton therapy and 81–90% at
2-year for IMRT. Overall survival (OS) at 2- and 5-year were respec-
tively 74% and 33–48% for carbon-ion therapy; 69% and 44% for
proton therapy and 83–90% at 2-year for IMRT. Due to heterogene-
ity within and between these studies, these results deemed largely
not comparable and outcomes were therefore not pooled in a
meta-analysis.

Nasopharyngeal carcinoma

One proton study45 and 14 IMRT studies46–59 reported results
for nasopharyngeal carcinomas. Estimates of 3-year LC were 92%
for proton therapy and 95% for IMRT. Pooled 3-year OS estimates
were 74% for proton therapy and 90% for IMRT. Both LC and OS
were not statistically significantly different (P-values 0.780 and
0.298).

The percentage of T4 patients in the proton study was approx-
imately twice as high as in most IMRT studies (Appendix 4). Nev-
ertheless, this covariate had no statistically significant influence
on the outcome. The year of publication had a statistically signifi-
cant (P-value 0.040) influence on the 3-year LC favoring older stud-
ies. The corrected estimates were similar to the uncorrected
estimate for 3-year LC for both IMRT (both estimates were 95%)
and proton therapy (decreased from 92% to 90%). As a result, differ-
ences in 3-year LC between IMRT and protons remained not statis-
tically significant. The remaining covariates considering disease
stage, the proportion of patients receiving chemotherapy or sur-
gery were not statistically significant.

For proton therapy no late xerostomia or dysphagia data were
reported, hence it was not possible to perform comparisons consid-
ering late treatment related toxicity.

Oropharyngeal carcinoma

One proton study60 and 10 IMRT studies61–70 reported results
for oropharyngeal carcinomas. Estimates of 2- and 5-year LC were
96% and 88% for proton therapy and for IMRT pooled 2-year LC was
95%. For DFS, 2- and 5-year rates were 81% and 65% for proton
therapy, pooled 2-year DFS for IMRT was 87%. Both 2-year LC
and DFS were not statistically significantly different (P-values
0.782 and 0.570).

No statistically significant covariates were observed.
For proton therapy no late xerostomia or dysphagia data were

reported, hence it was not possible to perform comparisons consid-
ering late treatment related toxicity.

Paranasal and sinonasal carcinoma

One carbon-ion study35 two proton studies71,72 and two IMRT
studies73,74 reported results for paranasal or sinonasal carcinoma.
The pooled estimates of 5-year LC were 49% for carbon-ion ther-
apy, 88% for proton therapy and 66% for IMRT. Differences in 5-year
LC between proton therapy and IMRT were statistically significant
(P-value 0.035). Five-year DFS was 61% for protons and 54% for
IMRT, while 5-year OS was 71% and 52% respectively. Both DFS
and OS were not statistically significantly different (P-values
0.682 and 0.323).

It was not possible to include the percentage of patient with T4,
N3 or stage IV tumors as covariates in the meta-analyses since
none of the included studies reported the number of stage IV tu-
mors and the number of T4 tumors or N3 tumors were only re-
ported in the two photon studies (Appendix 4). None of the other
covariates (including the percentage of operated patients) had a
statistically significant influence on the outcome.

One proton study reported that no late visual toxicity of RTOG
grade 3 or higher was observed.71 However, another study consid-
ering visual outcomes after combined photon/proton therapy re-
ported LENT/CTC v2.0 visual toxicity of grades 1, 2 and 3 of
respectively 14%, 17% and 6%.75 For IMRT, one study reported
CTC v2.0 grade 3 visual toxicity in 9% of the patients, of which four
patients (6%) had pre-treatment visual impairment.74

Mucosal malignant melanoma

For the treatment of mucosal malignant melanomas, 5-year OS
was reported in two carbon-ion studies34,76 and 18 studies admin-
istering conventional radiotherapy.77–94 Analyses showed a 5-year
OS of 44% for carbon-ion radiotherapy, this was statistically signif-
icantly higher than the pooled estimate of 25% for conventional
photon radiotherapy (P-value 0.007).

The percentage of operated patients as well as the percentage of
patients with disease stage III could not be incorporated as poten-
tially confounding variables since none of the studies on carbon-
ion therapy reported these data (Appendix 4). None of the other
covariates were statistically significant.

For carbon-ion therapy one study observed late RTOG grade 2
skin toxicity in 3%, another 3% had grade 2 mucosal toxicity and
the remaining patients had grades 0–1 toxicity.95 No photon
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Fig. 1. Forest plots of random effect meta-regression. *Consisted of only one study and therefore no pooled estimate is reported. �Based on a study population consisting of
85% operated patients. �Because of lacking data, it was not possible to correct for surgery for carbon-ions. h = se retrieved from study, j = se calculated (proportion method),
} = se calculated (Peto method), � = se calculated (Peto method assuming maximum % censoring reported in the particular sub-analysis). Abbreviations: po = post-operative,
bo = biopsy only, ps = partial surgery, cs = complete surgery, and ct = chemotherapy.
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studies reported skin or mucosal toxicity with accompanying
grades. One study reported grades 3–4 visual toxicity in two (8%)
patients (one dry eye syndrome and one optic nerve toxicity result-
ing in decreased visual acuity) after photon radiotherapy.83 For car-
bon-ion therapy no visual toxicity data were reported, hence it was
not possible to perform comparisons considering late treatment re-
lated visual toxicity.

Adenoid cystic carcinoma

For adenoid cystic carcinomas (ACC), one non-randomized com-
parative study which compared carbon-ion therapy (n = 29) with
photon radiation (n = 34) showed no statistically significant differ-
ences.96 Further, two carbon-ion studies (including updated data of
the comparative study),34,97 one proton study98 and 22 conventional
photon studies99–120 reported results for adenoid cystic carcinomas.

Meta-analyses resulted in a pooled 5-year LC of 69% for carbon-
ion therapy, 93% for proton therapy and 75% for conventional
photon therapy. Pooled 5-year estimates for OS were 70% for
carbon-ion therapy, 77% for proton therapy and 73% for photon
therapy. No statistically significant differences were observed be-
tween carbon-ion therapy, proton therapy and conventional
photon therapy for 5-year LC and OS (see Table 1 for P-values).

The percentage of operated patients had a statistically signifi-
cant influence on OS (P-value 0.043) favoring studies with higher
proportions of operated patients. Therefore 5-year OS estimates
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were corrected for this covariate. Due to lacking data, this was not
possible for carbon-ion therapy (Appendix 4). The corrected esti-
mate was similar to the uncorrected estimate for 5-year OS for
photon therapy (both 73%), but for proton therapy the corrected
estimate increased from 77% to 89%. After correcting 5-year OS,
the differences between IMRT and protons remained not statisti-
cally significant. The covariates considering disease stage and T4
tumors were not reported in the particle studies and were there-
fore not included in the analyses. The remaining covariates had
no statistically significant influence on the outcome.

For carbon-ion radiotherapy, late CTC v3.0 grades 1–2 toxicity
was observed in 63% of the patients and no toxicity of grade 3 or
higher was reported.97 Reported RTOG late grades 1–2 toxicity in
photon studies was 64% and 84%104,117 and ranged between 4%
and 11% for grade 3 and higher toxicity.104,109,114,117

Comparative in-silico studies

Eight comparative in-silico studies were included, one121 com-
paring carbon-ion therapy and photon therapy and seven122–128

comparing proton therapy and photon therapy.
One in-silico study suggested that for paranasal sinus tumors,
carbon-ion therapy has the ability to statistically significantly de-
crease the dose to the contralateral optic nerve.121 However, due
to unknown differences in relative biological effectiveness for car-
bon-ion therapy, it is yet unclear how these differences in dose will
translate into clinically relevant outcomes. Also, for proton therapy
one in-silico study reported a lower dose to the optic nerves com-
pared with IMRT (Table 2).124 No information was provided onto
what extent this reduced dose would reduce the probability of vi-
sual impairment.

For nasopharyngeal, oropharyngeal, hypopharyngeal and
squamous cell carcinomas, six comparative in-silico studies
consistently showed a lower dose to the parotid glands for
proton therapy as opposed to IMRT (Table 2). The decrease
in mean dose to the parotid glands between IMRT and proton
therapy ranged from 2 GyE to 10 GyE. Based on normal tissue
complication probability (NTCP) models, three studies123,127,128

predicted probability of complications of the parotid glands
(defined as a decrease of the salivary flow to 25% of the
pre-treatment salivary flow). The absolute decrease (percentage
points) of the complication probability of the parotid glands



Table 1
Results of meta the analyses.

Treatment Outcome (95% CI) Comparison Difference (95% CI) I2 P-valuea

Nasopharyngeal carcinoma
3Y LC

IMRT 0.947 (0.923 to 0.970)
Protonsb 0.920 (0.743 to 1.000) Protons – IMRT �0.027 (�0.232 to 0.178) 19.0% 0.780

3Y OS
IMRT 0.897 (0.862 to 0.933)
Protonsb 0.740 (0.471 to 1.000) Protons – IMRT �0.157 (�0.473 to 0.158) 67.5% 0.298

3Y LC corrected for the year of publication
IMRT 0.946 (0.927 to 0.966)
Protonsb 0.898 (0.695 to 1.000) Protons – IMRT �0.048 (�0.252 to 0.156) 0.0% 0.609

Oropharyngeal carcinoma
2Y LC

IMRT 0.947 (0.898 to 0.995)
Protonsb 0.960 (0.878 to 1.000) Protons – IMRT 0.013 (�0.105 to 0.132) 0.0% 0.782

2Y DFS
IMRT 0.865 (0.812 to 0.918)
Protonsb 0.810 (0.662 to 0.958) Protons – IMRT �0.055 (�0.159 to 0.269) 49.9% 0.570

Paranasal and sinonasal carcinoma
5Y LC

IMRT 0.662 (0.516 to 0.809) Carbon-ions – IMRT �0.172 (�0.600 to 0.256) 0.327
Protons 0.878 (0.755 to 1.000) Protons – IMRT 0.216 (0.025 to 0.407) 0.035c

Carbon-ionsb 0.490 (0.210 to 0.770) Protons – carbon-ions 0.388 (�0.033 to 0.809) 0.0% 0.063

5Y DFS
IMRT 0.535 (0.162 to 0.907)
Protons 0.609 (0.326 to 0.891) Protons – IMRT 0.074 (�0.393 to 0.542) 78.2% 0.682

5Y OS
IMRT 0.516 (0.154 to 0.878)
Protons 0.705 (0.414 to 0.995) Protons – IMRT 0.188 (�0.276 to 0.653) 73.2% 0.323

Mucosal malignant melanoma
5Y OS

Photons 0.252 (0.212 to 0.291)
Carbon-ions 0.437 (0.316 to 0.558) Carbon-ions – photons 0.185 (0.058 to 0.313) 51.7% 0.007c

Adenoid cystic carcinoma
5Y LC

Photons 0.753 (0.635 to 0.870) Carbon-ions – photons 0.061 (�0.249 to 0.371) 0.675
Protonsb 0.930 (0.797 to 1.000) Protons – photons 0.177 (�0.252 to 0.607) 0.386
Carbon-ions 0.691 (0.405 to 0.978) Protons – carbon-ions 0.239 (�0.264 to 0.741) 93.7% 0.322

5Y OS
Photons 0.731 (0.674 to 0.789) Carbon-ions – photons �0.027 (�0.203 to 0.149) 0.752
Protonsb 0.770 (0.639 to 0.901) Protons – photons 0.039 (�0.233 to 0.310) 0.769
Carbon-ions 0.704 (0.538 to 0.871) Protons – carbon-ions 0.066 (�0.248 to 0.379) 77.8% 0.666

5Y OS corrected for the percentage of operated patient
Photons 0.728 (0.672 to 0.784)
Protons 0.893 (0.611 to 1.000) Protons – photons 0.165 (�0.124 to 0.455) 73.6% 0.245

a P-value for the difference between the treatments.
b Consisted of only one study and the study estimated instead of the pooled estimate is therefore reported.
c Statistically significant difference.
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for proton therapy compared with IMRT ranged from 6% to
28% (Table 2).

None of the included in-silico studies reported dose to the pha-
ryngeal constrictors.

The reduced dose to organs at risk for carbon-ion and proton
therapy was accomplished with a similar conformity index, dose
homogeneity and coverage of the target volume for particle ther-
apy. Hence, the decreased dose to the organs at risk will not result
in a reduced tumor control probability.

Discussion

To the best of our knowledge, this review and meta-analysis
was the first that reviewed all evidence (clinical and in-silico stud-
ies) and pooled the effectiveness of photon, carbon-ion and proton
radiotherapy in HNC. Based on currently available evidence, we
found that carbon-ion radiotherapy resulted in a statistically
significantly increased 5-year OS compared to conventional photon
therapy for mucosal malignant melanomas. Melanomas are con-
sidered as relatively radio-resistant tumors.129,130 Therefore, our
results might indicate that carbon-ion therapy is advantageous in
the treatment of relatively radio-resistant tumors in the head
and neck region, which profit from the increased relative biological
effectiveness (RBE). Because of lacking data, no comparisons were
performed considering toxicity in mucosal malignant melanomas.
Toxicity data for adenoid cystic toxicity was based on different
classification systems (RTOG and CTC), which complicated the
comparison. However, the incidence of toxicity for carbon-ion
therapy in adenoid cystic carcinomas seemed lower than reported
in conventional photon studies.

Outcomes for proton therapy were generally comparable with
the best available photon therapy in nasopharyngeal, oropharyn-
geal and adenoid cystic carcinomas. For paranasal and sinonasal
cancer, DFS and OS were comparable for photon and proton ther-



Table 2
Dose to organs at risk and complication probability reported in comparative in-silico studies.

Outcome First author N Tumor
histology/site

OAR site Mean dose in Gray equivalenta Complication probabilitya

Photons Protons Carbon-
ions

Sig.b Photons Protons Carbon-
ions

Sig.b NTCP modelc

3D-CRT IMRT Scanned 3D-CRT IMRT Scanned

Parotid
gland

Taheri-
Kadkhoda et al.126

8 Nasopharynx – 40 36 – Yes – – – – – –

Widesott
et al.128

6 Nasopharynx CL – 29 23 – Yes – 22% 5% – Yes Eisbruch et al.136

– 20% 14% – Yes Roesink et al.137

IL – 31 25 – Yes – 42% 14% – Yes Eisbruch et al.136

– 25% 18% – Yes Roesink et al.137

Van de Water
et al.127

10 Oropharynx – 28 18 – Yes – 41% 21% – Yes Semenenko and
Li138

Johansson
et al.123

5 Hypopharynx Left 48 42 33 – nr 94% 65% 40% – nr Schilstra and
Meertens139Right 47 35 33 – nr 93% 51% 43% – nr

Cozzi et al.122 5 Squamous cell
carcinomas

Left 49 46 40 – nr – – – – – –
Right 48 44 36 – nr – – – – – –

Steneker
et al.125

5 Squamous cell
carcinomas

– �55%d �35%d – nr – – – – – –

Optic
nerve

Mock et al.124 5 Paranasal sinus CL 66%d 62%d 51%d,e – nr – – – – – –
IL 95%d 91%d 90%d,e – nr – – – – – –

Amirul Islam
et al.121

7 Paranasal sinus CL 42 44 – 24 Yes – – – – – –
IL 58 58 – 54 No – – – – – –

Abbreviations: CL = contralateral, IL = ipsilateral, OAR = organ at risk, Sig = statistically significance, NTCP = normal tissue complication probability, and nr = not reported.
a The optimal outcome per study is printed in bold.
b Statistically significance of the comparison IMRT versus proton/carbon-ion therapy (P-value 6 0.05 is considered statistically significant).
c Endpoints for the complication probability of the parotid gland: decrease of the salivary flow to 25% of pre-treatment flow at 13 weeks (Schilstra and Meertens139),

6 months (Semenenko and Li138) or 1 year (Eisbruch et al.136 and Roesink et al.137) after radiotherapy.
d Dose to organ at risk presented as% of the prescribed dose.
e Protons scattered.

B.L.T. Ramaekers et al. / Cancer Treatment Reviews 37 (2011) 185–201 191
apy. Nevertheless, LC was statistically significantly increased for
proton therapy. Besides a higher total treatment dose, this increase
may also be influenced by the proportion of patients that received
surgery (Appendix 4).72 For the remainder, the similar outcomes
can be explained since the radiobiological differences between
protons and photons are small and the total treatment doses
among studies were generally comparable. Considering treatment
toxicity in oropharyngeal cancer and nasopharyngeal cancer, no
appropriate data concerning xerostomia or dysphagia were avail-
able to perform comparisons based on clinical data. Although
based on different classification systems, in paranasal and sinona-
sal cancer the incidence of grade 3 visual toxicity seemed lower for
proton therapy as compared to photon therapy.

In paranasal carcinomas, one comparative in-silico studies
showed a reduced dose to the optic nerves for carbon-ion therapy
compared to photon therapy.121 Nonetheless, it is not yet clear
how this decrease in dose translates into clinical outcomes. For
proton therapy compared to photon therapy, we found a decreased
dose to the optical nerves124 and to the parotid glands.122–128 Based
on NTCP models, this latter dose reduction resulted in a lower
complication probability for the parotid glands.123,127,128 However,
the reported complication probabilities varied largely among the
in-silico studies, which is partly due to differences in the applied
NTCP models. The decreased dose to the organs at risk was accom-
plished without compromising on the conformity index, dose
homogeneity and coverage of the target volume.122–128 This indi-
cates that the main advantage of proton therapy in HNC may cur-
rently be the ability to spare organs at risk without decreasing
tumor control rates. However, clinical evidence to support this is
not yet available.

To explore potential confounding factors and subsequently cor-
rect for heterogeneity between studies we included covariates in
our analyses. In two analyses, statistically significantly influencing
covariates were observed. Firstly, the year of publication was sta-
tistically significant in the analyses concerning 3-year LC in naso-
pharyngeal carcinomas, which might reflect changes over time
such as the inclusion of more patients with nodal extension in
more recent studies (Appendix 4). However, this covariate did
not substantially affect the estimated 3-year LC. Secondly, in the
analyses considering adenoid cystic carcinomas, the proportion of
operated patients had a statistically significant influence on 5-year
OS. The estimate for conventional photon therapy remained un-
changed whereas the 5-year OS for proton therapy increased sub-
stantially (Fig. 1 and Table 1). The remaining analyses did not
reveal other covariates which statistically significantly influenced
the outcomes.

Radiotherapy was often combined with chemotherapy and/or
surgery in the included studies. Since our analyses were restricted
to group-level data and study outcomes were not stratified for che-
motherapy and surgery, we were not able to clarify the individual
impact of chemotherapy or the positioning of surgery. It would be
an interesting topic for future research to examine whether and
when proton or carbon-ion radiotherapy could best be combined
with chemotherapy and/or surgery.

Further, the potential gain of particle therapy in terms of tumor
control may rely on higher doses to the tumor while remaining an
equal dose to the organs at risk. Correcting for differences in treat-
ment dose would therefore remove the potential gain of particle
therapy. For that reason, our analyses were not corrected for differ-
ences in radiotherapy dosage schemes.

The present study has some limitations. Most importantly,
the evidence on the effectiveness of particle therapy consists of
a limited number of (mainly small) observational studies. Also,
influencing variables were not always reported adequately. As
a consequence correcting for confounding variables was only
possible to a limited extent. These data issues may bias the com-
parisons as a result of differences in setting or treatment proper-
ties. This is considered a main drawback of meta-analysis of
observational studies.33,131 However, in the absence of random-
ized trials, meta-analysis of observational studies is one of the
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few methods to synthesize effectiveness and present uncer-
tainty33 and follows the recommendation that all relevant stud-
ies should be taken into account.132 Another data concern was
the scarcely reported toxicity data among studies, and as a result
it was not possible to adequately compare late treatment toxic-
ity based on clinical data.

Implications for practice

It has been subject of debate whether the high initial and
treatment costs of particle therapy are justified given the cur-
rently available evidence surrounding its effectiveness.21 Based
on the available evidence, particle therapy seems as least as effec-
tive as photon therapy in tumor control, and may have advanta-
ges in sparing organs at risk. However, with regard to the paucity
of available proton and carbon-ion studies and the potential bias
of comparisons between (small) observational studies, the superi-
ority of particle therapy in terms of tumor control and survival as
well as the question whether the benefits outweighs the costs re-
mains uncertain.

Implications for research

Particles are used in the treatment of cancer since 1954.133

However, the number of published studies which administer parti-
cle therapy in HNC is limited and much of the currently available
data have been gathered in less than optimal physic-based
settings. Therefore, it is difficult to establish the potential effective-
ness of particle therapy in more optimal clinical settings. Studies
evaluating the effectiveness of particle therapy in HNC stratified
by location and/or histology are therefore needed.

Curative radiation therapy for HNC is often accompanied with a
trade-off between radiation toxicity and survival. The length of
survival alone is therefore insufficient to determine the success
of a treatment, and the quality of survival needs to be considered
simultaneously.134 However, complete (late) treatment toxicity
data is infrequently and inconsistently reported. Hence, there is a
need for studies to systematically examine both minor and severe
radiation toxicity per type and grade. This is especially important if
decreasing treatment toxicity is regarded as the potential benefit of
particle therapy in HNC.

As recommended previously,15 to facilitate comparisons on
both survival and treatment toxicity between particle therapy
and photon radiation; the construction of an international particle
therapy register, which contains anonymous data from patients
who have been treated with particle therapy, would be a straight-
forward and effective solution. Such registries become particularly
evident if randomized trials comparing photon therapy and parti-
cle therapy are not to be expected.135

For now, in the absence of comprehensive toxicity data, com-
parative in-silico studies combined with dose–response models of-
fer a complementary way of estimating the potential added value
of particle therapy in HNC in relation to its costs.20,22
Conclusions

Currently available clinical evidence for HNC indicates that sur-
vival for carbon-ion radiotherapy in mucosal malignant melano-
mas is statistically significantly increased as opposed to photon
radiation. This suggests that carbon-ion radiotherapy, with its in-
creased biological efficacy, might be advantageous in the treat-
ment of relatively radio-resistant tumors. Besides local control in
paranasal and sinonasal cancer, survival and tumor control out-
comes for proton therapy were to a large extent similar to the best
available photon radiation. Based on limited data, this review indi-
cates that a clinically relevant benefit of proton therapy probably
lies in reducing treatment toxicity in HNC. This finding is in accor-
dance with available comparative in-silico studies.

Since the overall quantity and quality of data regarding carbon-
ion and proton therapy is poor and considering the risk of bias in
comparisons between (small) observational studies, the reported
results do not allow for definite conclusions. Therefore, we recom-
mend the construction of an international particle therapy register
to facilitate definitive comparisons on both survival and treatment
toxicity between particle and photon radiotherapy.
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Appendix 1. Detailed overview of the search queries

Search query 1: particle therapy studies.

Patient

#1
 ‘‘Salivary gland” OR ‘‘oropharyngeal” OR ‘‘oropharynx”

OR ‘‘nasopharynx” OR ‘‘nasopharyngeal” OR ‘‘paranasal
sinus” OR ‘‘paranasal” OR ‘‘hypopharynx” OR ‘‘pharynx”
OR ‘‘oral cavity”
#2
 (Neoplasm) OR ‘‘cancer” OR ‘‘tumor” OR ‘‘tumour” OR
(malignan) OR (oncol) OR (carcinoma) OR (head and
neck neoplasms [mesh])
#3
 #1 AND #2

#4
 (Carcinoma, adenoid cystic/radiotherapy [mesh]) OR

(neoplasms, squamous cell [mesh]) OR (melanoma
[mesh]) OR ‘‘adenoid cystic” OR ‘‘squamous cell” OR
‘‘melanoma” OR ‘‘cancer” OR (neoplasm) OR ‘‘tumor” OR
‘‘tumour” OR (malignan) OR (oncol)
#5
 ((‘‘Cancer” OR (neoplasm) OR ‘‘tumor” OR ‘‘tumour” OR
(malignan) OR (oncol) OR (carcinoma)) AND head neck)
OR (head and neck neoplasms [mesh])
#6
 #4 AND #5

#7
 ((Head and neck neoplasms [mesh]) OR (salivary gland

neoplasms [mesh]) OR (oropharyngeal neoplasms
[mesh]) OR (nasopharyngeal neoplasms [mesh]) OR
(pharyngeal neoplasms [mesh]) OR (paranasal sinus
neoplasms [mesh]))
#8
 #3 OR #6 OR #7
Intervention and comparison

#9
 (proton therap) OR ‘‘proton”

#10
 ‘‘particle” OR (heavy ion) OR (light ion) OR ‘‘hadron” OR

‘‘carbon”

#11
 ‘‘beam irradiation” OR ‘‘radiation” OR ‘‘irradiation” OR

‘‘beam radiation” OR (radiotherap) OR (beam therap)

#12
 #11 OR (ion therap)

#13
 #9 AND #11

#14
 #10 AND #12

#15
 (Protons/therapeutic use [mesh]) OR (carbon

radioisotopes/therapeutic use [mesh])

#16
 #13 OR #14 OR #15
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Outcome

#17
 ‘‘Mortality” OR (adverse effect) OR (adverse event) OR

(side effect) OR (toxicit) OR (xerostomi) OR ‘‘disease free
survival” OR ‘‘overall survival” OR ‘‘local control” OR
‘‘tumour control” OR ‘‘tumour control”
#18
 (Mortality [mesh]) OR (head and neck neoplasms/
mortality [mesh]) OR (treatment outcome [mesh]) OR
(‘‘outcome assessment (health care)” [mesh]) OR
(adverse effects [subheading]) OR (radiotherapy/
adverse effects [mesh]) OR (sickness impact profile
[mesh]) OR (survival rate [mesh]) OR (‘‘xerostomia”
[mesh]) OR (disease free survival [mesh])
#19
 #17 OR #18
PICO = #8 AND #16 AND #19

Search query 2: intensity modulated radiotherapy studies.

Patient

#1
 ‘‘Salivary gland” OR ‘‘oropharyngeal” OR ‘‘oropharynx”

OR ‘‘nasopharynx” OR ‘‘nasopharyngeal” OR ‘‘paranasal
sinus” OR ‘‘paranasal” OR ‘‘hypopharynx” OR ‘‘pharynx”
OR ‘‘oral cavity”
#2
 (Neoplasm*) OR ‘‘cancer” OR ‘‘tumor” OR ‘‘tumour” OR
(malignan*) OR (oncol*) OR (carcinoma*) OR (head and
neck neoplasms [mesh])
#3
 #1 AND #2

#4
 (Carcinoma, adenoid cystic/*radiotherapy [mesh]) OR

(neoplasms, squamous cell [mesh]) OR (melanoma
[mesh]) OR ‘‘adenoid cystic” or ‘‘squamous cell” OR
‘‘melanoma” OR ‘‘cancer” OR (neoplasm*) OR ‘‘tumor”
OR ‘‘tumour” OR (malignan*) OR (oncol*)
#5
 ((‘‘Cancer” OR (neoplasm*) OR ‘‘tumor” OR ‘‘tumour” OR
(malignan*) OR (oncol*) OR (carcinoma*)) AND head
neck) OR (head and neck neoplasms [mesh])
#6
 #4 AND #5

#7
 ((head and neck neoplasms [mesh]) OR (salivary gland

neoplasms [mesh]) OR (oropharyngeal neoplasms
[mesh]) OR (nasopharyngeal neoplasms [mesh]) OR
(pharyngeal neoplasms[mesh]) OR (paranasal sinus
neoplasms [mesh]))
#8
 #3 OR #6 OR #7
Intervention and comparison

#9
 ((Intensity modulated) AND ((radiotherap*) OR

(radiotherapy [subheading]) OR (radiotherapy [mesh])))
OR ‘‘IMRT” OR (radiotherapy, intensity modulated
[mesh])
Outcome

#10
 ‘‘Mortality” OR (adverse effect*) OR (adverse event*) OR

(side effect*) OR (toxicit*) OR (xerostomi*) OR ‘‘disease
free survival” OR ‘‘overall survival” OR ‘‘local control”
OR ‘‘tumor control” OR ‘‘tumour control”
#11
 (Mortality [mesh]) OR (head and neck neoplasms/
*mortality [mesh]) OR (treatment outcome [mesh]) OR
(‘‘outcome assessment (health care)”[mesh]) OR
(adverse effects [subheading]) OR (radiotherapy/
adverse effects [mesh]) OR (sickness impact profile
[mesh]) OR (survival rate [mesh]) OR
(‘‘xerostomia”[mesh]) OR (disease free survival [mesh])
#12
 #10 OR #11
PICO = #8 AND #9 AND #12

*For mucosal malignant melanoma and adenoid cystic carcinomas, no studies using
intensity modulated radiotherapy were available.
Search query 3: conventional radiotherapy studies for mucosal
malignant melanoma and adenoid cystic carcinomas*.
Patient
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#1
 ‘‘Salivary gland” OR ‘‘oropharyngeal” OR ‘‘oropharynx”
OR ‘‘nasopharynx” OR ‘‘nasopharyngeal” OR ‘‘paranasal
Sinus” OR ‘‘paranasal” OR ‘‘hypopharynx” OR ‘‘pharynx”
OR ‘‘oral cavity”
#2
 (Neoplasm*) OR ‘‘cancer” OR ‘‘tumor” OR ‘‘tumour” OR
(malignan*) OR (oncol*) OR (carcinoma*) OR (head and
neck neoplasms [mesh])
#3
 #1 AND #2

#4
 (Melanoma [mesh]) OR ‘‘melanoma” OR (carcinoma,

adenoid cystic/*radiotherapy [mesh]) OR ‘‘adenoid cystic”

#5
 ((‘‘Cancer” OR (neoplasm*) OR ‘‘tumor” OR ‘‘tumour” OR

(malignan*) OR (oncol*) OR (carcinoma*)) AND head
neck) OR (head and neck neoplasms [mesh])
#6
 #4 AND #5

#7
 ((Head and neck neoplasms [mesh]) OR (salivary gland

neoplasms [mesh]) OR (oropharyngeal neoplasms
[mesh]) OR (nasopharyngeal neoplasms [mesh]) OR
(pharyngeal neoplasms [mesh]) OR (paranasal sinus
neoplasms [mesh]))
#8
 (#3 OR #7) AND (#6)
Intervention and comparison

#9
 (Radiotherap*) OR (radiotherapy [subheading]) OR

(radiotherapy [mesh])
Outcome

#10
 ‘‘Mortality” OR (adverse effect*) OR (adverse event*) OR

(side effect*) OR (toxicit*) OR (xerostomi*) OR ‘‘disease
free survival” OR ‘‘overall survival” OR ‘‘local control”
OR ‘‘tumor control” OR ‘‘tumour control”
#11
 (Mortality [mesh]) OR (head and neck neoplasms/
*mortality [mesh]) OR (treatment outcome [mesh]) OR
(‘‘outcome assessment (health care)”[Mesh]) OR
(adverse effects [subheading]) OR (radiotherapy/
adverse effects [mesh]) OR (sickness impact profile
[mesh]) OR (survival rate [mesh]) OR
(‘‘xerostomia”[mesh]) OR (disease free survival [mesh])
#12
 #10 OR #11
PICO = #8 AND #9 AND #12

*For mucosal malignant melanoma and adenoid cystic carcinomas, no studies using
intensity modulated radiotherapy were available.

Search query 4: comparative in-silico studies.
Patient

#1
 ‘‘Salivary gland” OR ‘‘oropharyngeal” OR ‘‘oropharynx”

OR ‘‘nasopharynx” OR ‘‘nasopharyngeal” OR ‘‘paranasal
Sinus” OR ‘‘paranasal” OR ‘‘hypopharynx” OR ‘‘pharynx”
OR ‘‘oral cavity”
#2
 (Neoplasm) OR ‘‘cancer” OR ‘‘tumor” OR ‘‘tumour” OR
(malignan) OR (oncol) OR (carcinoma) OR (head and
neck neoplasms [mesh])
#3
 #1 AND #2

#4
 (Carcinoma, adenoid cystic/radiotherapy [mesh]) OR

(neoplasms, squamous cell [mesh]) OR (melanoma
[mesh]) OR ‘‘adenoid cystic” OR ‘‘squamous cell” OR
‘‘melanoma” OR ‘‘cancer” OR (neoplasm) OR ‘‘tumor” OR
‘‘tumor” OR (malignan) OR (oncol)
#5
 ((‘‘Cancer” OR (neoplasm) OR ‘‘tumor” OR ‘‘tumor” OR
(malignan) OR (oncol) OR (carcinoma)) AND head neck)
OR (head and neck neoplasms [mesh])
(continued on next page)
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#6
 #4 AND #5

#7
 ((Head and neck neoplasms [mesh]) OR (salivary gland

neoplasms [mesh]) OR (oropharyngeal neoplasms
[mesh]) OR (nasopharyngeal neoplasms [mesh]) OR
(pharyngeal neoplasms [mesh]) OR (paranasal sinus
neoplasms [mesh]))
#8
 #3 OR #6 OR #7
Intervention and comparison

#9
 (Proton therap) OR ‘‘proton”

#10
 ‘‘Particle” OR (heavy ion) OR (light ion) OR ‘‘hadron” OR

‘‘carbon”

#11
 ‘‘Beam irradiation” OR ‘‘radiation” OR ‘‘irradiation” OR

‘‘beam radiation” OR (radiotherap) OR (beam therap)

#12
 #11 OR (ion therap)

#13
 #9 AND #11

#14
 #10 AND #12

#15
 (Protons/therapeutic use [mesh]) OR (carbon

radioisotopes/therapeutic use [mesh])

#16
 #13 OR #14 OR #15
Outcome

#17
 Planning AND (radiotherapy OR (radiotherapy [mesh]))

#18
 Radiotherapy planning, computer-assisted/methods

[mesh]

#19
 #17 OR #18
PICO = #8 AND #16 AND #19
Appendix 2. Flow chart of the inclusion and exclusion process
for the search strategies
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Appendix 3. Included and excluded particle studies and in-silico
Included clinical studies.

First
author

Year Comparison(s) (outcomes)

Resto 2009 Paranasal and sinonasal carcinoma (LC,
DFS and OS)

Nishimura 2009 Paranasal and sinonasal carcinoma (LC,
DFS, OS, and toxicity)

Mizoe 2009 Mucosal malignant melanoma (OS)
Mizoe 2009 Head and neck cancer (LC and OS),

mucosal malignant melanoma (OS),
adenoid cystic carcinoma (LC and OS)

Munter 2009 Adenoid cystic carcinoma (LC, OS and
toxicity)

Yanagi 2009 Mucosal malignant melanoma (toxicity)
Pommier 2006 Adenoid cystic carcinoma (LC and OS)
Weber 2006 Paranasal and sinonasal carcinoma

(toxicity)
Slater 2005 Oropharyngeal carcinoma (LC and DFS)
Chan 2004 Nasopharyngeal carcinoma (LC and OS)
Mizoe 2004 Head and neck cancer (LC and OS),

paranasal and sinonasal carcinoma (LC)
Tokuuye 2004 Head and neck cancer (LC,DFS and OS)
Excluded clinical studies.
First author
 Year
 Reason(s) for exclusion
Truong
 2009
 Overlap in patient sample (with Resto
et al., 2008)
Takagi
 2007
 Overlap in patient sample (with Mizoe
et al., 2009)
Chan
 2004
 Overlap in patient sample (with Resto
et al., 2008)
Schulz-
Ertner
2005
 Overlap in patient sample (with Munter
et al., 2009)
Schulz-
Ertner
2004
 Overlap in patient sample (with Munter
et al., 2009)
Schulz-
Ertner
2003
 Overlap in patient sample (with Munter
et al., 2009)
Fitzek
 2002
 Overlap in patient sample (with Resto
et al., 2008)
Lin
 1999
 Re-treatment

Thornton
 1998
 Overlap in patient sample (with Resto

et al., 2008)

Tsujii
 1992
 Overlap in patient sample (with

Tokuuye et al., 2004)

Castro
 1988
 Published before 1990 and other

particles than protons and carbon-ions
only (including He, C, Ne and Si)
Munzenrider
 1985
 Published before 1990

Castro
 1982
 Published before 1990
Included comparative in-silico studies.
First author
 Year
 Tumor site/histology
Amirul Islam
 2008
 In close proximity of the optic
pathways
Taheri-
Kadkhoda
2008
 Nasopharynx
Van de Water
 2008
 Oropharynx

Widesott
 2008
 Nasopharynx

Steneker
 2006
 Squamous cell carcinoma

Johansson
 2004
 Hypopharynx

Mock
 2004
 Paranasal sinus

Cozzi
 2001
 Squamous cell carcinoma
Excluded comparative in-silico studies.
First author
 Year
 Reason(s) for exclusion

Chera
 2009
 Patients sample <5

Thorwarth
 2008
 Patients sample <5

Muzik
 2008
 Patients sample <5

Flynn
 2008
 Patients sample <5

Lomax
 2003
 Patients sample <5

Schulz-

Ertner

2003
 Dose to the organs at risk was not

reported

Lomax
 1999
 Patients sample <5 and no comparison

of particle therapy and photons

Lomax
 1999
 Patients sample <5

Slater
 1992
 Patients sample <5

Mirabell
 1992
 Patients sample <5

Brown
 1989
 Patients sample <5 and published before

1990



Appendix 4A. Characteristics of nasopharyngeal and oropharyngeal studies*

N Modality Number of
fractions�

Total treatment
dose (GyE)�

Age� % Ct % Operated
patients

% T3/
T4

% T4 % N+ %
N3

%
Stage
IV

Nasopharynx
Chan et al.

(2004)45
17 P-rt + X-

rt
46 73.6 41 59% 0% 100% 100% 53% 6% 100%

Zheng et al.
(2010)59

59 X-rt 33 70.7 48 100% nr 50% 28% 85% 20% 43%

Kim et al.
(2009)49

25 X-rt 30 67.5 44 100% 0% 44% 24% 96% 24% 48%

Lee et al.
(2009)52

68 X-rt 33 70.0 49 84% 0% 34% 19% 74% 12% 28%

Lin et al.
(2009)54

323 X-rt 30/31 66.0/69.8 nr 91% 0% 61% 24% 91% 6% 29%

Nishimura
et al.
(2009)55

35 X-rt 28–35 68.0 56 89% nr 46% 26% 66% 11% 34%

Tham et al.
(2009)56

195 X-rt 35 70.0 52 56% 0% nr 26% nr nr 30%

Wong et al.
(2009)58

175 X-rt 33 70.0 48 73% 0% 35% 15% 72% 9% 24%

Fang et al.
(2008)47

110 X-rt 36–42 64.8–75.6 nr 57% 0% 25% 11% 68% 1% 12%

Koom et al.
(2008)50

24 X-rt 27 64.8 46 100% 0% 29% 13% 96% 25% 33%

Wolden et al.
(2006)57

74 X-rt 30 70.2 45 93% 0% 51% 31% 78% 24% 47%

Chong et al.
(2004)46

104 X-rt 25–30 64.0–70.0 43 nr nr nr nr nr nr 16%

Kam et al.
(2004)48

63 X-rt 33 66.0 48 30% 0% 51% 19% 70% 5% 22%

Kwong et al.
(2004)51

33 X-rt 34 68.0–70.0 43 0% 0% 3% 0% 18% 0% 0%

Lee et al.
(2002)53

67 X-rt nr 65.0–70.0 49 75% 0% 43% 21% 78% 12% 37%

Oropharynx
Slater et al.

(2005)60
29 P-rt + X-

rt
45 75.9 nr 0% 0% 55% 21% 83% 10% 62%

Daly et al.
(2010)70

107 X-rt 30 60.0/66.0 nr 80% 21% 47% 29% 91% 11% 86%

Eisbruch et al.
(2009)62

67 X-rt 30 66.0 56 0% 0% 0% 0% 43% 0% 0%

Lawson et al.
(2008)65

34 X-rt 33 70.3 61 100% 0% 41% 29% 91% 9% 85%

Rusthoven
et al.
(2008)67

32 X-rt 33 69.3 nr 100% 0% 41% 19% 97% 3% 84%

Schoenfeld
et al.
(2008)68

64 X-rt 42 67.5/72.0 nr 54%� 0% 42%� 20%� 70%� 5%� 63%�

Garden et al.
(2007)63

51 X-rt 30 63.0–66.0 54 10% 0% 0% 0% 67% 4% 53%

Lee et al.
(2006)66

41 X-rt 40/42 70.0–72.0 55 100% 0% 39% nr 90% 5% 85%

Yao et al.
(2006)69

66 X-rt nr 60.0–74.0 53 70% 6% 41% 29% 88% 14% 88%

Chao et al.
(2004)61

74 X-rt 35 66.0/70.0 55 23% 58% 45% nr 84% nr 70%

Huang et al.
(2003)64

41 X-rt 33 70.0 55 73% 7% 17% 7% 76% 5% 68%
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Appendix 4C. Characteristics of adenoid cystic carcinoma studies*

N Modality Total treatment dose
(GyE)�

Age� %
Ct

% Operated
patients

%
T4

%
N3

% Stage
IV

Adenoid cystic carcinoma
Pommier et al. (2006)98 23 P-rt + X-

rt
73.3/76.4 46 4% 52% nr 0% nr

Mizoe et al. (2009)34 107 C-rt 57.6 57� nr nr nr nr nr
Munter et al. (2009)97 59 C-rt + X-

rt
72.0 52 nr nr nr nr nr

Iseli et al. (2009)110 171 X-rt 60.0–70.0 53 0% 82% nr nr 37%
Agarwal et al. (2008)99 76 X-rt 56.0 nr 0% 97% 54% nr 59%
Gomez et al. (2008)104 59 X-rt 63.0 52 10% 92% 34% nr nr
Leonetti et al. (2008)113 16 X-rt 51.0–60.0 47 0% 100% nr nr nr
Da Cruz Perez et al. (2006)102 18 X-rt 53.6 39 17% 61% nr nr nr
Rhee et al. (2006)116 35 X-rt nr 47 9% 77% 49% nr nr
Bhattacharyya and Fried

(2005)101
18 X-rt nr 59� nr nr nr nr nr

Gurney et al. (2005)105 33 X-rt 60.0 49 0% 100% nr nr 31%
Rapidis et al. (2005)115 23 X-rt nr 60 26% 96% nr nr nr
Kokemueller et al. (2004)112 74 X-rt 60.0 58 0% 100% 42% 0% 45%
Mendenhall et al. (2004)114 101 X-rt 10.5–79.2 58 2% 58% 44% 0% 45%
Silverman et al. (2004)117 75 X-rt nr 52 0% 100% 31% 0% 31%

Appendix 4B. Characteristics of paranasal and sinonasal and mucosal malignant melanoma studies*

N Modality Total treatment dose
(GyE)�

Age� % Ct % Operated
patients

% T4 %
N3

% Stage
III§

Paranasal and sinonasal
Resto et al. Cs (2008)72 20 P-rt + X-

rt
67.6 50� 33%� 100% nr nr na

Resto et al. Ps (2008)72 50 P-rt + X-
rt

75.6 50� 33%� 100% nr nr na

Resto et al. Bo (2008)72 32 P-rt + X-
rt

75.4 50� 33%� 0% nr nr na

Nishimura et al. (2007)71 14 P-rt 65.0 56 29% 50% nr nr na
Mizoe et al. (2004)35 10 C-rt 48.6–64.8 60� 6%� 33%� nr nr na
Madani et al. (2009)74 73 X-rt 70.0 63 0% 89%� 39%� 0% na
Daly et al. (2007)73 36 X-rt 70.0 57 22% 89% 69% 0% na
Mucosal malignant melanoma
Mizoe et al. (2009)34 100 C-rt 57.6 57� 0% nr na na nr
Mizoe et al. +Ct (2009)76 57 C-rt 57.6 60 100% nr na na nr
Meleti et al. (2008)87 42 X-rt 30.0 64 2% 90% na na 3%�

Nakashima et al. (2008)88 20 X-rt 54.0 62 6% 100% na na 0%
Wagner et al. (2008)93 17 X-rt 66.9 64 0% 76% na na 0%
Huang et al. (2007)81 15 X-rt nr 69 20% 93% na na 0%
Krengli et al. (2006)83 74 X-rt 55.1 66 5% 80% na na 8%
Bridger et al. (2005)78 27 X-rt nr 66 0% 100% na na nr
Temam et al. (2005)92 69 X-rt 64.9 58 0% 100% na na 0%
Owens et al. (2003)89 44 X-rt nr 56 0% 100% na na nr
Yii et al. (2003)94 89 X-rt nr 64 10% 97% na na 7%
Patel et al. (2002)90 59 X-rt nr 63 0% 100% na na 7%
Loree et al. (1999)84 28 X-rt nr nr 18% 61% na na 4%
Lund et al. (1999)85 58 X-rt nr 64 16% 100% na na 0%
Manolidis and Donald

(1997)86
14 X-rt nr 71 0% 86% na na nr

Kingdom and Kaplan (1995)82 10 X-rt nr nr 0% 100% na na nr
Guzzo et al. (1993)80 48 X-rt nr 58 29% 90% na na 8%
Shibuya et al. (1993)91 28 X-rt nr nr 0% 0% na na 0%
Andersen et al. (1992)77 26 X-rt 54.0 65 0% 77% na na 4%
Gilligan and Slevin (1991)79 28 X-rt 45.0–55.0 65 0% 0% na na nr
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Appendix 4C (continued)

N Modality Total treatment dose
(GyE)�

Age� %
Ct

% Operated
patients

%
T4

%
N3

% Stage
IV

Hsu et al. (2003)108 25 X-rt nr 50 0% 100% nr nr 12%
Harbo et al. (2002)106 26 X-rt nr 64� 0% 49%� 7%� 2%� 36%�

Huber et al. (2001)109 25 X-rt 64.0 55� 0% 68% nr nr nr
Khan et al. (2001)111 68 X-rt nr 52 3% 87% 22% nr 31%
Takagi et al. (2001)119 20 X-rt 40.0–65.0 59 35% 85% nr nr nr
Avery et al. (2000)100 15 X-rt nr 53 7% 100% nr nr 33%
Therkildsen et al. (1998)120 87 X-rt 60.0–66.0 60� 0% 91%� nr nr 17%�

Garden et al. (1995)103 198 X-rt 60.0 50 0% 100% nr nr nr
Hosokawa et al. (1992)107 41 X-rt 40.0–70.0 58 0% 79% nr nr nr
Spiro and Huvos (1992)118 184 X-rt nr 57 0% 95% nr nr 12%�

*Only characteristics of studies included in meta-analyses were reported. �Median/mean value. �Figures are for the whole study sample not only for this subgroup, §According
to Ballantyne’s staging system.
Abbreviations: X-rt = photon radiotherapy, P-rt = proton radiotherapy, C-rt = carbon-ion radiotherapy, Cs = complete surgery, Ps = partial surgery, Bo = biopsy only,
Ct = chemotherapy, nr = not reported, na = not applicable.
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