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Abstract

Background: There are limited studies on the risk of secondary cancers after
carbon-ion radiotherapy (CIRT). We assessed the incidence of secondary cancers
in patients treated with CIRT for cervical cancer. We also evaluated the incidence
of secondary cancers in patients who received standard photon radiotherapy (RT)
throughout the same period.

Methods: This retrospective study included patients with cervical cancer who
underwent curative RT at our hospital. All cancers discovered for the first time
after RT were classified as secondary cancers. To compare the risk of secondary
cancers among cervical cancer survivors to the general population, standardized
incidence ratios (SIRs) were calculated.

Results: The analysis included a total of 197 and 417 patients in the CIRT and
photon RT groups, respectively. The total person-years during the observation
period were 1052.4 in the CIRT group and 2481.5 in the photon RT group. The
SIR for all secondary cancers was 1.1 (95% confidence interval [CI], 0.6-2.1) in the
CIRT group and 1.4 (95% CI, 1.0-2.1) in the photon RT group. The 10-year cumu-
lative incidence of all secondary cancers was 9.5% (95% CI, 4.0-21.5) in the CIRT
group and 9.4% (95% CI, 6.2-14.1) in the photon RT group. The CIRT and photon
RT groups were not significantly different in incidence (p = 0.268).
Conclusions: The incidence of secondary cancers after CIRT for cervical cancer
was similar to that after photon RT. Validation of our findings after long-term

observation is warranted.
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1 | INTRODUCTION

Cervical cancer, mainly caused by chronic infection with
high-risk human papillomavirus, is common cancer in
women.' The number of new cervical cancer cases are
estimated to be approximately 569,000 around the world
annually.® According to the guidelines of the national
comprehensive cancer network, radiation therapy (RT)
/concurrent chemo-RT (CCRT) is the standard care for
cervical cancer, except for stage IA cancers.” With re-
cent technological advancements, RT, including three-
dimensional image-guided brachytherapy (3D-IGBT), has
become a necessary component of cervical cancer treat-
ment.** Recent studies involving 3D-IGBT have shown fa-
vorable clinical outcomes for cervical cancer.®™® According
to a recent multi-institutional prospective study, the over-
all 5-year actuarial local control rate was 92%, with limited
severe toxicity to healthy organs.®

Carbon-ion radiotherapy (CIRT) has two distinct ad-
vantages over conventional RT: dose localization and bio-
logical efficacy due to high linear energy transfer.>'° CIRT
has been used to treat various types of cancers, including
uterine cervical cancer." Even with CCRT, including 3D-
IGBT, the clinical results for adenocarcinoma of the uter-
ine cervix remain poor.”*'* In comparison, CIRT showed
favorable clinical outcomes for uterine cervix adenocarci-
noma, and those results were validated in a recent multi-
institutional study.">*

As treatment outcomes for cervical cancer improve, the
need to control late adverse events is an important clini-
cal issue. Typical late adverse events after administering
RT/CIRT for cervical cancer include rectal complications,
bladder complications, and insufficiency bone frac-
tures.>’”2° Secondary cancers are also an adverse event
that deserves posttreatment attention. A previous study
reported a significant 1.2-fold (95 percent confidence in-
terval [CI], 1.1-1.4) increased risk of developing second-
ary cancers in patients with cervical cancer treated with
conventional definitive RT compared to the general pop-
ulation, equating to a 1.6-percent excess risk per person
per decade of follow-up.”* Mohamad et al. recently found
that CIRT for prostate cancer was associated with a lower
risk of secondary cancers when compared to photon RT.*
Considering its dose-localization properties, CIRT may re-
duce the risk of secondary cancers. However, the potential
risk of secondary cancers may nonetheless increase owing
to the effects of high LET radiation on normal tissues and
the generation of neutron radiation during CIRT.

Hence, we assessed the incidence of secondary cancers
in patients treated with CIRT for cervical cancer at our in-
stitution. Moreover, we also compared the incidence with
secondary cancers in patients who received conventional
photon RT during the same period.

2 | MATERIALS AND METHODS

2.1 | Participants and study design

Patients with uterine cervical cancer treated at the National
Institutes for Quantum Science and Technology (QST) hos-
pital who received CIRT or photon RT between January
1, 1995, and March 31, 2016, were included in this retro-
spective study. The patients in the present study all had a
histological diagnosis of cervical cancer and underwent de-
finitive RT. At our hospital, all patients with cervical can-
cer undergo gynecological examinations, pelvic magnetic
resonance imaging, and chest to abdominal computed
tomography (CT) before the treatment, regardless of the
treatment strategy. Thus, in the present study, there was
no between-group difference in pretreatment screening.
Patients with synchronous malignancies or distant me-
tastases, those who received RT for the para-aortic lymph
node region, those who received RT as postoperative irra-
diation, and those unable to complete the scheduled RT
were excluded. The institutional ethics review board of the
QST approved this retrospective study (number 18-012).
Because of the retrospective nature of the present study,
the requirement for written informed consent was waived.
Instead, a document declaring an opt out policy allowing
any of the patients and their families to refuse to partici-
pate in the study was posted on our institution's website.

2.2 | Treatment regimens

The detailed regimens of CIRT and photon RT at our hos-
pital have been described elsewhere.'>'®** Both CIRT and
photon RT were administered with curative intent, includ-
ing whole pelvic irradiation and local tumor irradiation.
However, CIRT was performed as a clinical trial and was
not combined with intracavitary brachytherapy. Patients
were younger than 70 years, and those who could toler-
ate this regimen received 40 mg/m? of cisplatin weekly
as concurrent chemotherapy. The median CIRT dose was
72.0 Gy (relative biological effectiveness [RBE] range,
52.8-74.4) delivered over a median of 20 fractions over
5 weeks (range, 20-24 fractions over 5-6 weeks). Whole
pelvic irradiation and central shielding were used in pho-
ton RT, with a dose of 2.0 Gy or 1.8 Gy per fraction and a
median dose of 50.0 Gy (range, 45.0-50.6). Patients with
gross lymph node metastases received a 6.0-10.0 Gy boost
RT at the site of the metastasis. Brachytherapy was per-
formed using Ir-192 with a point A prescription of 6.0 Gy
in each fraction, for a total of four fractions (microSelec-
tron HDR; Elekta Instrument AB, Stockholm, Sweden).
In-room CT was introduced in 2001, and we shifted from
two-dimensional planning to 3D-IGBT.
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2.3 | Data collection

We collected information from the QST database and
medical records on patient age, medical history, smok-
ing and alcohol habits, characteristics and treatment of
cervical cancer, and posttreatment course. The Charlson
Comorbidity Index was applied to classify patient comor-
bidities.** For the first 2 years, follow-up was done every
1-3 months, then every 3-6 months for the next 3 years;
after 5 years, follow-up was done every 6-12 months, in
principle. Data collection methods were similar to that
employed in our previous study.?® In brief, medical, ra-
diology, surgical, and pathology reports were combed
for information on secondary cancers. Patients who did
not receive face-to-face follow-up were mailed a yearly
questionnaire with specific questions about cervical can-
cer recurrence, adverse events after treatment, and the
development of secondary cancers. Additional informa-
tion on secondary cancers was gathered by calling other
doctors, hospitals, and patients or their families. With the
Ministry of Justice's approval, missing patient data were
supplemented from the Japanese nationwide registry that
includes the date and cause of death.

Secondary cancers were defined as all cancers observed
for the first time after the initiation of RT. Accordingly, all
uterine cancers that developed after RT initiation, except
those that were recurrences (as confirmed histologically),
were registered as secondary cancers of the uterus. The
observation period was defined as the time between the
first RT session for cervical cancer and death, the second
cancer diagnosis, or the last observation date before May
31, 2018, whichever came first.

To compare the risk of secondary cancers among cer-
vical cancer survivors to the general population, standard-
ized incidence ratios (SIRs) were calculated. SIRs were
computed by dividing the number of secondary cancer
cases observed by the expected number of cases in each
cancer location. Using data from the National Cancer
Center in Japan, the expected number of secondary cancer
patients were determined by applying site-specific cancer
incidence rates from the general female population to the
corresponding person-years of patients with cervical can-
cer in the cohort.

2.4 | Statistical analysis

The Mann-Whitney U test or Welch's t-test was em-
ployed for continuous variables, while the chi-square
test with Yates' adjustment was used for nominal vari-
ables. The cumulative incidence of secondary cancers in
the CIRT and photon RT groups were compared using
Gray's test. Univariate and multivariate analyses of each
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factor's cumulative incidence of secondary cancers were
conducted using the Fine-Gray proportional hazards re-
gression model. The following factors were used in the
univariate analysis: types of RT (CIRT or photon), age,
smoking and alcohol habits, Charlson Comorbidity Index,
tumor histology, stage of the disease, concurrent chemo-
therapy, and year of treatment. Only factors with a p-value
<0.1 were used for multivariate analysis. We used propen-
sity score matching to reduce the impact of treatment se-
lection bias. With a caliper width of 0.2, propensity score
matching was an optimal one-to-one match. All statisti-
cal tests were two-sided, and all comparisons were con-
sidered statistically significant if the p-value was <0.05.
EZR version 1.54, a statistical software based on R and R
Commander, was used for all analyses.*®

3 | RESULTS

The present study included 197 patients in the CIRT
group and 417 patients in the photon RT group. The co-
hort's baseline characteristics are listed in Table 1. The
median observation period was 3.2 years in the CIRT
group and 4.9 years in the photon RT group. The observed
person-years were 1052.4 in the CIRT group and 2481.5
in the photon RT group. The crude incidence of second-
ary cancers was 9 (4.6%) in the CIRT group and 28 (6.7%)
in the photon RT group. The incidence per 1000 person-
years was 8.6 in the CIRT group and 11.3 in the photon RT
group. The minimum time to develop any secondary can-
cer was 0.4 years, and the maximum time was 22.4 years.
The median time to develop secondary cancers was
8.4 years in the CIRT group and 3.0 years in the photon
RT group. Table S1 lists all patients with secondary cancer
in the CIRT and photon RT groups. Figure 1 shows the cu-
mulative incidence curves for all secondary cancers in the
CIRT and photon RT groups. The incidence of secondary
cancers did not differ significantly between the CIRT and
photon RT groups (p = 0.268). The 10-year cumulative in-
cidence of all secondary cancers was 9.5% (95% confidence
interval [CI], 4.0-21.5) in the CIRT group and 9.4% (95%
CIL, 6.2-14.1) in the photon RT group.

Table 2 compares the SIRs of specific secondary can-
cers in the CIRT and photon RT groups to that in the gen-
eral population. The SIR of all secondary cancers was 1.1
(95% CI, 0.6-2.1) in the CIRT group and 1.4 (95% CI, 1.0-
2.1) in the photon RT group. There was no statistically sig-
nificant difference in the incidence of secondary cancers
between CIRT and photon RT in the pelvis (p = 0.388) or
outside the pelvis (p = 0.353) (Figure S1). Secondary can-
cers occurred in the pelvis in seven of nine cases in the
CIRT group and eight of 28 cases in the photon RT group.
The proportion of secondary cancers occurring inside of
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TABLE 1 Characteristics of patients in the carbon-ion radiotherapy and photon radiotherapy cohort

Carbon-ion (n = 197)

Age (years)

Median (IQR) 56 (47-66)

Range 26-85

<40 22 (11%)

41-50 53 (27%)

51-60 42 (21%)

61-70 47 (24%)

71-80 32 (16%)

>80 1(1%)
Smoking history

Never 143 (73%)

Ever 54 (27%)

Unknown 0 (0%)
Alcohol habit

No or Unknown 134 (68%)

Yes 63 (32%)
Charlson Comorbidity Index

0-1 181 (92%)

2AF 16 (8%)
Cervical cancer histology

Squamous cell carcinoma 86 (44%)

Adenocarcinoma 95 (48%)

Adenosquamous carcinoma 16 (8%)
FIGO stage (2008)

I-11 61 (31%)

III-IVA 136 (69%)
Concurrent chemotherapy

No 139 (71%)

Yes 58 (29%)
Calendar year of treatment

1995-2005 96 (49%)

2006-2016 101 (51%)
Follow-up (years)

Median (IQR) for all patients 3.2(1.9-5.9)

Median (IQR) for surviving patients 5.2(4.2-11.3)

Photon (n = 417) p-value

66 (54-75)
30-89

26 (6%)
51(12%)
81 (19%)
102 (24%)
116 (28%)
41 (10%)

<0.001

304 (73%)
102 (24%)
11 (3%)

0.059

317 (76%)
100 (24%)

0.046

386 (93%)
31 (7%)

0.891

378 (91%)
34 (8%)
5(1%)

<0.001

235 (56%) <0.001

182 (44%)

305 (73%)
112 (27%)

0.568

283 (68%) <0.001

134 (32%)

4.9(2.0-9.1)
7.2 (4.1-11.9)

0.024
0.457

Abbreviations: FIGO, The International Federation of Gynecology and Obstetrics; IQR, Interquartile range.

the pelvis and the outside of the pelvis differed between
the CIRT and photon beam RT groups; the incidence of
secondary cancers in the pelvis was significantly higher in
the CIRT group than in the photon RT group (p = 0.026,
chi-square test).

Table 3 shows the results of univariate and multivari-
ate analyses of secondary cancer risk factors. The patient's
age and calendar year of treatment were associated with
the risk of secondary cancers. Regarding the patient's age,
the hazard ratio was 1.07 (95% CI, 1.03-1.10) for each

additional year of age at the start of treatment. For the cal-
endar year of treatment, the risk of secondary cancers was
higher in the recently treated group, with a hazard ratio of
2.72 (95% CI, 1.35-5.48). Other factors, including CIRT or
photon RT, smoking, and alcohol habit, did not show any
significant differences.

We then examined the incidence of secondary cancers
in the CIRT and photon RT groups after matching for age
and calendar year of treatment conditions. The baseline
characteristics of the CIRT and photon RT groups after
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Gray’s test: p = 0.268

Number at risk

Carbon-ion 197
Photon 417

propensity score matching are shown in Table 4. This
matching showed no statistically significant difference in
smoking history, alcohol habit, or Charlson Comorbidity
Index between the CIRT and photon RT groups. Although
the cervical cancer histology and stage were statistically
significant between the two groups, the univariate and
multivariate analyses showed that these were not risk
factors for secondary cancers (Table 3). Thus, propensity
score matching was valid in comparing the frequency of
secondary cancers in the CIRT and photon RT groups.
Figure 2 shows the cumulative incidence curves of sec-
ondary cancers after matching. Secondary cancers inci-
dence did not differ significantly between the CIRT and
photon RT groups (p = 0.651).

4 | DISCUSSION

To the best of our knowledge, the present study is the
first to investigate the frequency of secondary cancers in
patients treated with CIRT for cervical cancer. It is also
the first report to directly compare the risk of secondary
cancers after CIRT and photon RT for cervical cancer. RT
reportedly increases the incidence of secondary cancers
by 1.08-1.43 in the general population.”’ Regarding sec-
ondary cancer incidence after RT for cervical cancer, Arai
et al. reported that a significant excess in secondary cancer
incidence was observed in organs, such as the rectum and
bladder, within the irradiated field.?® Thereafter, the risk of
developing secondary cancer after photon RT for cervical
cancer was reported to be approximately 1.2 times higher
than that in the general population.*! In the present study,
the risk of developing secondary cancers after CIRT for cer-
vical cancer was approximately 1.1 (95% CI, 0.6-2.1) times
that of the general population, and the risk of developing
secondary cancer after photon RT was approximately 1.4

S 10 15 20

Time (years)

66 32 17 4
208 91 21 4

(95% CI, 1.0-2.1) times that of the general population, con-
sistent with previous reports. The lower limit of the 95%
CI for the SIR of secondary cancers in the CIRT group was
below 1.0, indicating no apparent difference from the gen-
eral population. This result may be due to an insufficient
number of secondary cancer cases and observation period.
In recent years, the usefulness of CIRT for hard-to-treat gy-
necologic tumors, such as malignant melanoma and ade-
nocarcinoma of the uterine cervix, has been demonstrated
in systematic reviews.?*** Although the benefits of CIRT
seem to outweigh the risk of developing secondary cancer,
further follow-up is warranted to establish the clinical ben-
efits of CIRT for gynecologic tumors.

In the present study, patient age at the start of treat-
ment and the calendar year of treatment were risk factors
for the development of secondary cancers. No significant
differences were found according to the type of RT (CIRT
versus photon RT) or smoking and alcohol habits. In gen-
eral, cancer incidence increases with age.” In the present
study, secondary cancers were defined as all cancers ob-
served for the first time after the start of RT. Therefore,
it is reasonable that age at the start of treatment may be
a risk factor for developing secondary cancers. However,
it is not clear why the calendar year of treatment may be
a risk factor for the development of secondary cancers.
In the present study, the time for development of second-
ary cancer was significantly shorter in the group treated
in recent years (Table S2). The most reasonable explana-
tion would be that the group treated in recent years has
a shorter follow-up time compared to the group treated
earlier. Another possibility is that the technological ad-
vancement of medical devices for diagnosis has led to the
early detection of secondary cancers. Unfortunately, the
present analysis did not cover the details of the medical
devices used to screen secondary cancer, but further re-
search with longer follow-up is necessary.
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TABLE 3 Fine and Gray competing risk regression model (univariate and multivariate analyses) for overall second cancers

Factor

Carbon-ion vs. Photon

Age (continuous)

Age (>62 vs. <62 years)

Smoking history (ever vs. never & unknown)
Alcohol habit (yes vs. no & unknown)
Charlson Comorbidity Index (0,1 vs. 2)
Cervical cancer histology (AC & ASC vs. SCC)
FIGO stage (2008) (ITI-IV vs. I-1I)

Concurrent chemotherapy (yes vs. no)

Calendar year of treatment (2006-2016 vs. 1995-2005)

Univariate analysis

Multivariate analysis

Hazard ratio (95% CI)

0.64 (0.30-1.39)
1.07 (1.03-1.10)
2.93 (1.46-5.89)
1.31(0.63-2.72)
0.85 (0.37-1.95)
0.85 (0.22-3.37)
0.50 (0.35-1.98)
1.08 (0.54-2.15)
0.50 (0.20-1.26)
2.45 (1.23-4.89)

p-value Hazard ratio (95% CI)  p-value

0.26

<0.001

0.003 3.17 (1.56-6.41) 0.001
0.47

0.69

0.82

0.68

0.83

0.14

0.011 2.72 (1.35-5.48) 0.005

Abbreviations: AC, adenocarcinoma; ACC, squamous cell carcinoma; ASC, adenosquamous cell carcinoma; CI, confidence interval; FIGO, The International

Federation of Gynecology and Obstetrics.

TABLE 4 Characteristics of patients in the carbon-ion radiotherapy and photon radiotherapy with the matching of the age and calendar

year of treatment

Age (years)
Median (IQR)
Range
Smoking history
Never
Ever
Unknown
Alcohol habit
No or Unknown
Yes
Charlson Comorbidity Index
0-1
2+
Cervical cancer histology
Squamous cell carcinoma
Adenocarcinoma
Adenosquamous carcinoma
FIGO stage (2008)
I-1I
III-IVA
Concurrent chemotherapy
No
Yes
Calendar year of treatment
1995-2005
2006-2016
Follow-up (years)
Median (IQR) for all patients

Carbon-ion (n = 179)

57 (49-67)
31-85

131 (73%)
48 (27%)
0 (0%)

126 (70%)
53 (30%)

165 (92%)
14 (8%)

80 (45%)
85 (47%)

14 (8%)

53 (30%)
126 (70%)

130 (73%)
49 (27%)

96 (54%)
83 (46%)

3.3(1.9-6.2)

Photon (n = 179) p value
58 (49-67) 0.930
31-85

120 (67%) 0.052
54 (30%)

5(3%)

133 (74%) 0.478
46 (26%)

172 (96%) 0.177
7 (4%)

154 (86%) <0.001
21 (12%)

4 (2%)

102 (57%) <0.001
77 (43%)

113 (63%) 0.070
66 (37%)

96 (54%) 1.000
83 (46%)

4.4(2.0-9.7) 0.089

Abbreviations: FIGO, The International Federation of Gynecology and Obstetrics; IQR, Interquartile range.
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FIGURE 2 Cumulative incidence
with propensity score matching of overall
secondary cancers after radiotherapy.
The solid line indicates the incidence
after carbon-ion radiotherapy. The dotted
line indicates the incidence after photon
radiotherapy

= Photon
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0 5 10 15

Number at risk {ime (years)

Carbon-ion 179 62 31 17
Photon 179 85 41 10

In an epidemiological study that investigated secondary
cancers after treatment for cervical cancer using any type of
therapy, Arnold et al. reported that smoking and RT were
risk factors for secondary cancers.”® This discrepancy may
be explained by smoking status classification. A different
result may be obtained when using the Brinkman index
or changing the classification to former/current smokers.
Smoking has adverse effects and may cause various diseases
other than secondary cancers,>>*? and it is essential to edu-
cate patients to quit smoking after treatment. Regarding the
chemotherapy effect on secondary cancers, the presence of
concomitant chemotherapy was not a significant risk factor
for secondary cancers in the present study. The alkylating
agent procarbazine has been reported to be a risk factor for
secondary cancers of the digestive system in survivors of
Hodgkin's lymphorna.34 Cisplatin is administered in many
types of cancer, and its use is associated with an increased
incidence of secondary leukemia,>® but to date, little infor-
mation relating to secondary solid tumors is available. Thus,
the risk of secondary cancer with cisplatin may not be as
high as that with alkylating agents.

Although there was no statistically significant dif-
ference in the incidence of secondary cancers between
CIRT and photon RT in and outside the pelvis, it is worth
noting that CIRT resulted in fewer secondary cancers
outside the pelvis, whereas photon RT resulted in more
secondary cancers outside the pelvis. A possible rea-
son is that patients who received CIRT did not receive
intracavitary brachytherapy. Lee et al. reported that
organ exposure from brachytherapy, including scatter
radiation, could increase the risk of secondary cancer.
They reported in phantom experiments that brachyther-
apy could increase the risk of secondary cancers of the
stomach, lungs, and breasts away from the pelvis.*
Furthermore, Yonai et al. reported that the amount of
neutron radiation produced by carbon-ion beams in the

w s

irradiation field is lower than that produced by 6-MV
intensity-modulated RT or gamma-ray irradiation of Ir-
192 when standardized by treatment dose and is almost
undetectable outside of the irradiation field.*” Although
it is necessary to consider the possibility that various
factors contribute to secondary cancer development, the
fact that intracavitary brachytherapy was not applied
in CIRT, the distribution of neutrons might have man-
ifested as a low incidence of secondary cancers outside
the pelvis in CIRT in the present study.

Mohamad et al. reported a lower risk of secondary can-
cers with CIRT than with photon therapy in the treatment
of prostate cancer.?? However, in our study, the risk of de-
veloping secondary cancers from CIRT was similar to, yet
not lower than that from photon RT. This discrepancy may
be due to the difference in the size of the irradiation fields
for prostate and cervical cancers. Maraldo et al. reported
that the size of the irradiation field was a risk factor for
secondary cancer development following photon RT.*®
For CIRT in cervical cancer, the irradiation field includes
the pelvic lymph node volume area; the irradiation size
is similar to that of photon RT and much larger than the
irradiation field for prostate cancers. Currently, scanning
irradiation is achievable with CIRT instead of conventional
passive irradiation.*® Compared with the conventional pas-
sive irradiation of CIRT, scanning irradiation not only con-
tributes to the further improvement of the dose distribution
in the irradiation field, but also reduces the neutron flux in
the field by 60%-70%, because it avoids the generation of
neutrons due to collisions between beamline devices and
carbon ions.*® Thus, CIRT with scanning irradiation may
reduce the risk of secondary cancers in the future.

Our study had several limitations. First, the median
follow-up after treatment was as short as 4.4 years. The
number of patients with secondary cancers may increase
with longer observation after both photon and CIRT. In
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fact, the lower limit of the 95% CI for the SIR of secondary
cancers in the CIRT group was below 1.0. Therefore, re-
evaluation of the findings after long-term observation is
warranted. Second, while the present study included all
cancer cases that occurred after treatment, the clinical ob-
jective is to determine the risk of radiation-induced can-
cers more specifically. Recently, it has been reported that
certain genetic mutations are found in radiation-induced
secondary cancers.*’ Best et al. reported that two variants
at chromosome 6q21 were associated with secondary can-
cers in survivors of Hodgkin's lymphoma treated with ra-
diation therapy as children but not as adults.** Given the
complexity of carcinogenesis, it may still be difficult to
identify radiation-induced secondary cancers among sec-
ondary cancers. However, it would be desirable to evalu-
ate the risk of radiation-induced cancers more specifically
by genetic mutations in the future.

In conclusion, we found that the incidence of second-
ary cancers after CIRT for cervical cancer was comparable
to that after photon RT. Validation of our findings after
long-term observation is warranted.
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