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Background: Modelling studies suggest that advanced intensity-modulated radiotherapy may increase
second primary cancer (SPC) risks, due to increased radiation exposure of tissues located outside the
treatment fields. In the current study we investigated the association between SPC risks and character-
istics of applied external beam radiotherapy (EBRT) protocols for localized prostate cancer (PCa).
Methods: We collected EBRT protocol characteristics (2000–2016) from five Dutch RT institutes for the
3D-CRT and advanced EBRT era (N = 7908). From the Netherlands Cancer Registry we obtained patient/-
tumour characteristics, SPC data, and survival information. Standardized incidence ratios (SIR) were cal-
culated for pelvis and non-pelvis SPC. Nationwide SIRs were calculated as a reference, using calendar
period as a proxy to label 3D-CRT/advanced EBRT.
Results: From 2000-2006, 3D-CRT with 68–78 Gy in 2 Gy fractions, delivered with 10–23 MV and weekly
portal imaging was the most dominant protocol. By the year 2010 all institutes routinely used advanced
EBRT (IMRT, VMAT, tomotherapy), mainly delivering 78 Gy in 2 Gy fractions, using various kV/MV imag-
ing protocols. Sixteen percent (N = 1268) developed � 1 SPC. SIRs for pelvis and non-pelvis SPC (all insti-
tutes, advanced EBRT vs 3D-CRT) were 1.17 (1.00–1.36) vs 1.39 (1.21–1.59), and 1.01 (0.89–1.07) vs 1.03
(0.94–1.13), respectively. Nationwide non-pelvis SIR was 1.07 (1.01–1.13) vs 1.02 (0.98–1.07). Other RT
protocol characteristics did not correlate with SPC endpoints.
Conclusion: None of the studied RT characteristics of advanced EBRT was associated with increased out-
of-field SPC risks. With constantly evolving EBRT protocols, evaluation of associated SPC risks remains
important.
� 2023 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 183 (2023) 1–8 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
External beam radiotherapy (EBRT) for localized prostate cancer
(PCa) is nowadays delivered using intensity modulated radiother-
apy (IMRT) or volumetric modulated arc therapy (VMAT), fre-
quently combined with online imaging of the target volume.
With these advanced techniques a more conformal dose distribu-
tion to the target is achieved while reducing moderate to high-
dose volumes to normal tissues neighboring the target, in particu-
lar the rectum and bladder [1]. The biggest defect of advanced
EBRT is its association with increased exposure to low-dose radia-
tion [2,3]. Concerns have been raised that this might increase sec-
ond primary cancer (SPC) risk, especially in (very) low-dose regions
further away from the primary target. Since PCa patients have a
good life expectancy, most patients will be at risk for long-term
side effects, such as the development of a SPC [4].

With state-of-the-art EBRT, non-uniform fluence intensities are
generated in comparison to conformal radiotherapy (RT), which
used uniform beam intensities. The intensity modulating property
of IMRT requires longer beam-on times, yielding higher out-of-
field doses [3,5,6]. Additionally, to improve dose conformity to
the target multiple beam angles are generally used in advanced
EBRT, exposing larger volumes of normal tissue to low dose radia-
tion [2]. For safe application of advanced EBRT, image guidance
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Radiotherapy characteristics and second cancers
(daily of weekly) using either kV or MV imaging of the dose deliv-
ery to the target plays a vital role. The imaging beammay be some-
what extended beyond the target, resulting in additional dose in
the targeted area, potentially increasing SPC risks [5,6].

Modelling studies have expressed concerns that aspects of
advanced EBRT are associated with an up to a 2-fold increased
SPC risk [3,7–9]. More recently, patient cohort studies have shown
conflicting results on the risk of developing a SPC after advanced
EBRT, with some studies observing increased SPC risks [10–12].
Other cohort studies, however, did not observe such increased risks
[1,13]. Which aspects of advanced EBRT specifically lead to
increased SPC risks have yet to be determined.

In this study, we investigated the relationship between applied
advanced EBRT protocols and SPC risks in the pelvic and non-pelvic
region in five Dutch RT institutes. We hypothesized that differ-
ences in SPC risks in the non-pelvic region exist between the
applied RT protocols, due to differences in exposure to scatter
and low-dose volumes.

Methods

Study design

Five Dutch RT institutes participated in this retrospective cohort
study. The following RT protocol information was collected from
each institute: EBRT technique (three-dimensional conformal RT
(3D-CRT) or advanced intensity-modulated EBRT, prescribed dose
(Gy) per fraction, energy (MV), type of image-guidance (cone beam
computed tomography (CBCT), portal imaging), planning system,
and linac (vendor). For each year 2000–2016, the centers were
asked to indicate the most dominant protocol aspects applied
(for � 80% of patients). Advanced EBRT consisted in most institutes
of either IMRT or VMAT. All institutes delivered IMRT using step-
and-shoot; only for the final year included in this study, institute
A delivered IMRT using dynamic leaves. Institute E, was the only
institute, which delivered advanced EBRT using tomotherapy
(Table 1). All PCa patients who received EBRT between 2000–
2016 in one of those five centers were identified through the
Netherlands Cancer Registry (NCR). From the NCR, we retrieved
for each patient the primary PCa characteristics and data on SPCs.
Each PCa patient was linked to the respective RT protocol informa-
tion, based on the institute where he received treatment, and the
year he was diagnosed with PCa. The study was approved by the
Privacy Review Board of the Netherlands Cancer Registry
(K20.067).
Definition of SPC and follow-up

We defined time at risk for SPC from one year after PCa diagno-
sis. The one year was used as a surrogate, since start of RT is not
Table 1
RT protocol information summarized per institute.

Institute N PCa Survivors Calendar Period Technique

3D-CRT
A 2171 2000–2010 3D-CRT
B 531 2000–2006 3D-CRT
C 260 2000–2007 3D-CRT
D 25 2000–2004 3D-CRT
E 291 2000–2006 3D-CRT
Advanced EBRT
A 1169 2010–2016 IMRT/VMAT
B 1464 2006–2016 IMRT/VMAT
C 896 2007–2016 IMRT/VMAT
D 679 2004–2016 IMRT/VMAT
E 422 2006–2016 Tomotherapy

2

captured as a required field in the NCR database. All invasive SPC
and non-invasive bladder cancers, except for non-melanoma skin
cancers were included in the analysis. Analyses were carried out
for all SPC, all solid SPC, all haematological SPC, and SPC within dif-
ferent anatomical regions, such as pelvis versus non-pelvis. In gen-
eral, only the first SPC was included. However, for all analyses
focusing on a specific subgroup (i.e., solid cancers, haematological
cancers, anatomical region, or specific subsite), the first SPC cancer
within that group was included. Follow-up was defined as the time
between PCa diagnosis until the date of SPC diagnosis, date of
death, date of emigration, or end of study (31.12.2020), whichever
occurred first. New cancers diagnosed within one year after the ini-
tial PCa diagnosis were excluded, as these are likely to represent
synchronous cancers.
Statistical analysis

Standardized incidence ratios (SIR) were calculated to evaluate
the risk of developing a SPC in the PCa patient cohort compared to
the general Dutch male population. SIRs were computed by divid-
ing the observed number of SPC by the expected number of cases
based on the cancer incidences in the Netherlands. To consider
potential regional fluctuations in the expected cancer cases, SIR
analysis was also carried out using regional cancer incidences as
a reference. The SIR analysis is based on the sex, age, and calendar
specific incidence rates in the Netherlands. Poisson regression was
used to compute 95% confidence intervals (CI). The excess burden
of SPC was measured by calculating the absolute excess risks
(AER). The AER is defined as the difference between the observed
and the expected number of patients with a SPC, divided by the
number of person years (py) at risk, multiplied by 10,000. It repre-
sents the additional incidence beyond the background incidence
found in the Dutch general population. SIR and AER analyses were
carried out for the complete PCa patient cohort, for patients treated
with conformal RT versus patients treated with advanced RT, for
different age groups (�70 or > 70 years), and for SPC subsites.
For reference purposes, we calculated nationwide reference values
(including all patients diagnosed with a PCa in the Netherlands).
For the nationwide comparison, we used time periods (2000–
2005 3D-CRT (N = 11760), 2008–2016 advanced EBRT
(N = 18693) as a proxy for the different EBRT modalities used in
the Netherlands, similar to our previous study [12]. SIR and AER
analysis was carried out using SAS version 9.2 (SAS Institute Inc.,
Cary, NC, USA).
Role of the funding source

The Dutch Cancer Society which had no further say in the
design, analyses or description of the results, provided financial
support for this study (project grant 12009).
Dose (Gy/fraction) Energy (MV) Imaging procedure

68/2, 72/2 18|23 no
68/2, 78/2 10|18 no, weekly 3D cone beam
72/2 10 no
67.5/2.5 18|23 no
76/2, 78/2 10 no

78/2 10|18 2D portal imaging
78/2, 77/2.2 10 Weekly 3D cone beam
78/2, 70/2.5 10 2D portal imaging
67.5/2.5, 70/2.5 10 2D portal imaging
78/2, 80.5/2.3 6 Daily 3D cone beam
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Results

Patient Characteristics and RT protocol information

Patient, tumor, and treatment characteristics for each RT insti-
tute are depicted in Table 2. The complete cohort consisted of
7908 PCa patients. The median age at diagnosis was 70 (Interquar-
tile range (IQR) 65–74) years. The majority of patients (62.1%) were
diagnosed with a T1-2 N0/X, M0/X PCa. A distinction was made
between the RT protocols for 3D-CRT and advanced EBRT (Table 1).
For all RT institutes combined, 3278 (41.5%) PCa patients received
3D-CRT. The administered dose prescription (total dose/fraction
dose) was predominantly 78/2 Gy (Table 1). The applied beam
energies ranged from 10 MV to 23 MV. Only institute B used for
selected patients weekly 3D cone beam imaging during delivery
of 3D-CRT; other institutes applied 2D imaging of the bony anat-
omy within the treatment fields with an electronic portal imaging
device (EPID). From the year 2004 onwards, the first RT institute
introduced IMRT/VMAT. By the year 2010, all five RT institutes rou-
tinely delivered radiation using advanced EBRT, either IMRT or
VMAT (Table 1). For all RT institutes combined, 4630 (58.5%) PCa
patients received advanced EBRT up until 2016. Most institutes
used 10 MV and all institutes applied setup verification using
either 2-dimensional portal imaging or weekly/daily 3D cone beam
acquisition (Table 1).
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Second primary cancers (SPC)

A total of 1268 solid SPCs were observed in the complete EBRT
study cohort of the five RT institutes. The estimated SIR (95% con-
fidence interval) for any solid SPC, regardless the RT protocol or
institute was 1.06 (0.99–1.12); AER = 10.36) (Table 3). Table 3 fur-
ther summarizes SPC risk for the complete EBRT cohort and for dif-
ferent age groups. We observed a significant increased risk for
second pelvis cancers for the complete EBRT cohort, regardless of
the age (SIR = 1.28 (1.16–1.42); AER = 12.61). The risk for develop-
ing a pelvis SPC was SIR = 1.34 ((1.16–1.42); AER = 12.36) for
patients aged 70 or below, compared to SIR = 1.24 ((1.08–1.42);
AER = 12.89) for patients aged above 70 years (Table 3). For the
3D-CRT cohort, the estimated SIR for developing any solid SPC
was 1.11 (1.03–1.20); AER = 20.06), compared to a nationwide ref-
erence SIR of 1.08 ((1.04–1.12); AER = 15.61) (Table 4). For the
advanced EBRT cohort, the estimated SIR was 1.01 (0.93–1.09);
AER = 0.83), compared to a nationwide reference SIR of 1.08
(1.04–1.14); AER = 15.48) (Table 4 & Supplementary Table S1).
For 3D-CRT, the risk of developing a solid SPC was significantly
increased for institutes A (SIR = 1.13 (1.03–1.24); AER = 23.49)
and C (SIR = 1.35 (1.05–1.72); AER = 69.29). For institute A, the risk
of developing a solid SPC was significantly increased for the
advanced EBRT protocol (SIR = 1.23 (1.04–1.44); AER = 40.35)
(Table 4 & Fig. 1) as well.
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Non-pelvis SPC risk

The risk of developing a non-pelvis SPC was similar in the com-
plete cohort regardless of RT protocol (SIR = 1.00 (0.94–1.07);
AER = 0.56) (Table 4). This also applied to the 3D-CRT (SIR = 1.03
(0.94–1.13); AER = 4.73) and advanced EBRT cohorts (SIR = 1.01
(0.89–1.07); AER = -3.59). For institute A, the risk of developing a
non-pelvis SPC increased from SIR = 1.05 ((0.94–1.17);
AER = 7.09) in the 3D-CRT cohort to SIR = 1.21 ((1.00–1.45);
AER = 27.41) in the advanced EBRT cohort. An increased nation-
wide reference SIR was observed for the advanced EBRT period
(SIR = 1.07 (1.01–1.13); AER = 9.47) (Fig. 1 & Supplementary
Table S1).
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Table 3
SIR and AER for the complete EBRT cohort and for different age groups.

Tumor Sites All Ages �70 years >70 years

Obs Exp SIR AER SIR AER SIR AER

All SPC 1404 1331.2 1.05 (1.00–1.11) 11.13 1.08 (1.00–1.16) 13.05 1.04 (0.96–1.11) 8.86
All solid 1268 1199.8 1.06 (0.99–1.12) 10.36 1.06 (0.97–1.15) 8.55 1.06 (0.98–1.14) 12.51
Non-Pelvis 930 926.3 1.00 (0.94–1.07) 0.56 1.00 (0.90–1.10) �0.48 1.01 (0.92–1.10) 1.78
Pelvis 387 301.2 1.28 (1.16–1.42) 12.61 1.34 (1.16–1.42) 12.36 1.24 (1.08–1.42) 12.89
All hematological 160 146.5 1.09 (0.93–1.28) 1.96 1.33 (1.06–1.64) 5.70 0.91 (0.71–1.14) �2.44
Anatomical Regions
Head & Neck 92 84.4 1.09 (0.88–1.34) 1.09 1.06 (0.78–1.42) 0.73 1.12 (0.82–1.50) 1.51
Chest 392 380.7 1.03 (0.93–1.14) 1.64 1.04 (0.89–1.21) 1.92 1.02 (0.89–1.17) 1.30
Lung & Bronchus 308 300.9 1.02 (0.91–1.15) 1.03 1.08 (0.91–1.27) 2.86 0.98 (0.83–1.14) �1.13
Abdomen 391 393.9 0.99 (0.90–1.10) �0.43 0.94 (0.81–1.10) �2.66 1.03 (0.90–1.18) 2.21
Esophagus 50 52.7 0.95 (0.70–1.25) �0.39 0.89 (0.57–1.34) �0.73 1.00 (0.66–1.46) 0.01
Stomach 31 31.9 0.97 (0.66–1.38) �0.13 0.71 (0.32–1.35) �0.97 1.14 (0.71–1.73) 0.86
Colon 192 193.2 0.99 (0.86–1.15) �0.17 0.98 (0.78–1.21) �0.56 1.01 (0.83–1.22) 0.28
Liver 22 16.8 1.31 (0.82–1.98) 0.75 1.08 (0.49–2.04) 0.17 1.54 (0.82–2.65) 1.43
Pancreas 52 47.8 1.09 (0.81–1.43) 0.60 0.87 (0.52–1.36) �0.77 1.27 (0.88–1.79) 2.21
Kidney 53 47.6 1.11 (0.83–1.46) 0.78 1.02 (0.65–1.51) 0.10 1.21 (0.81–1.74) 1.21
Renal Pelvis 9 11.4 0.79 (0.36–1.50) �0.35 0.59 (0.12–1.73) �0.55 0.94 (0.34–2.04) �0.11
Ureter 10 11.7 0.85 (0.41–1.57) �0.25 0.99 (0.32–2.33) �0.01 0.75 (0.24–1.74) �0.53
Pelvis
Male genital organs 6 6.3 0.95 (0.35–2.07) �0.05 0.7 (0.08–2.49) �0.23 1.15 (0.31–2.93) 0.17
Bladder 265 202.2 1.31 (1.16–1.48) 9.17 1.30 (1.07–1.57) 6.91 1.31 (1.12–1.54) 11.85
Urethra 4 4.6 0.86 (0.24–2.23) �0.09 1.58 (0.33–4.61) 0.29 0.37 (0.01–2.06) �0.54
Rectum & Rectosigmoid 117 87.7 1.33 (1.10–1.60) 4.23 1.52 (1.17–1.94) 5.86 1.16 (0.87–1.52) 2.33

*bold numbers indicate significantly increased SIRs; observed (Obs); expected (Exp).

Radiotherapy characteristics and second cancers
Pelvis SPC risk

For the complete cohort, a significant increased SPC risk in the
pelvis region was observed for all RT institutes combined
(SIR = 1.28 (1.16–1.42) (Table 4). This number was quite similar
to the corresponding nationwide calculated SIR of 1.35 (Fig. 1 &
Supplementary Table S1). For the 3D-CRT cohort the risk for pelvic
SPC was increased for all institutes combined (SIR = 1.39 (1.21–
1.59); AER = 18.08), institute A (SIR = 1.40 (1.17–1.65);
AER = 18.05), institute B (SIR = 1.43 (1.02–1.96); AER = 19.90),
and institute C (SIR = 1.80 (1.14–2.70); AER = 39.19) (Table 4 &
Fig. 1). For the advanced EBRT cohort, the estimated SIR of 1.17
for the institutes combined did not reach significance (95% CI of
1.00–1.36); the corresponding nationwide SIR of 1.21 (1.11–1.32)
was however highly significant. For none of the institutes the cal-
culated SIRs of the advanced EBRT cohort reached significance and
estimates varied considerably (range 0.82–1.36). Results for addi-
tional tumor subsites are depicted in Table 4.
RT protocol characteristics

Within the 3D-CRT cohort, institute C and E used lower energies
(10 MV) compared to the other institutes. Observed SIRs for Insti-
tute C in this 3DCRT cohort are relatively high compared to A, B, D,
however, for institute E this is not the case (Fig. 1, Table 3). None of
the participating institutes used daily cone beam CT for IMRT/
VMAT treatment, only weekly CBCT was performed by institute B
which showed relatively low SIRs for all endpoints compared to
the other institutes (Fig. 1). Institute E had a deviating advanced
EBRT protocol applying tomotherapy with daily (MV) scanning:
corresponding SIRs were relatively low but had large confidence
intervals (Table 3, Fig. 1). Institute D used mild hypofractionation
with 2.5 Gy fractions for the majority of the advanced EBRT
patients, whereas the other institutes mainly prescribed 2 Gy frac-
tions for this group; corresponding SIRs show no deviating patterns
comparing institute D with the other institutes (Fig. 1).
Nationwide reference

All estimated SIRs (solid, pelvis, non-pelvis, 3D-CRT, advanced
EBRT) for the participating five RT institutes combined, are within
4

the 95% CI range of the calculated nationwide SIRs, except for solid
SPC of advanced EBRT: nationwide SIR of 1.08 (1.04–1.14) vs 1.01
(0.93–1.09) for the institutes (Fig. 1, Supplementary Table S1,
Table 3). With respect to solid SPCs, the institutes show a trend
of a lower SIR for advanced EBRT vs 3D-CRT (1.01 vs 1.11) whereas
the nationwide numbers (where we used calendar period as a
proxy) suggest similar levels of solid SPCs for advanced EBRT vs
3D-CRT (both SIR of 1.08). For pelvis SPC the nationwide numbers
and the participating institutes combined both show similar trends
of lower SIRs for advanced EBRT. For non-pelvis SPC nationwide
numbers suggest an increase with advanced EBRT (1.07 vs 1.02
for 3D-CRT) which was not observed for the participating institutes
(1.01 vs 1.03 for 3D-CRT).
Calculations with regional cancer incidence data

SPC risk analysis using regional data generally resulted in sim-
ilar risk patterns as to what was observed using national reference
data (Supplementary Table S2).
Risks for different follow-up periods

Fig. 2 & Supplementary Table S3 show estimated SIRs for 3D-
CRT and advanced EBRT for different follow-up periods. It should
be noted that the statistical power for this additional analysis is
limited (especially for estimates > 10 years) and plotted confi-
dences intervals for advanced EBRT and 3D-CRT are all overlap-
ping. For non-pelvis SPC no clear trend was observed. For pelvis
SPC, data show a trend of increasing risks with increasing follow-
up time. Furthermore, we noticed that for the follow-up
period > 5–10 years point estimates for 3D-CRT and advanced EBRT
were very similar.

Discussion

To the best of our knowledge, this is the first study exploring
potential differences in SPC risks between 3D-CRT and more
advanced EBRT for PCa, through linking RT specific protocol data
from RT institutes to data from a nationwide cancer registry. The
nationwide reference numbers show a small, but significant



Table 4
SIR and AER for the different RT institutes - for all EBRT techniques combined and by EBRT technique.

Tumor Sites Complete Cohort 3D-CRT Cohort Advanced EBRT

Obs Exp SIR AER SIR AER SIR AER

All Solid SPC
All Institutes 1268 1199.8 1.06 (0.99–1.12) 10.36 1.11 (1.03–1.20) 20.06 1.01 (0.93–1.09) 0.83
Institute A 595 516.5 1.15 (1.06–1.25) 27.72 1.13 (1.03–1.24) 23.49 1.23 (1.04–1.44) 40.35
Institute B 300 306.8 0.98 (0.87–1.10) �3.95 0.99 (0.81–1.20) �2.17 0.97 (0.84–1.12) �4.84
Institute C 190 164.3 1.16 (1.00–1.33) 29.08 1.35 (1.05–1.72) 69.29 1.07 (0.89–1.28) 13.32
Institute D 88 103.1 0.85 (0.68–1.05) �26.62 1.11 (0.41–2.42) 20.68 0.84 (0.67–1.04) �29.06
Institute E 95 109.2 0.87 (0.70–1.06) �24.18 0.97 (0.73–1.28) �3.84 0.76 (0.55–1.03) �43.2
Non-Pelvis
All Institutes 930 926.3 1.00 (0.94–1.07) 0.56 1.03 (0.94–1.13) 4.73 1.01 (0.89–1.07) �3.59
Institute A 434 398.8 1.09 (0.99–1.20) 12.14 1.05 (0.94–1.17) 7.09 1.21 (1.00–1.45) 27.41
Institute B 222 237.6 0.93 (0.82–1.07) �8.91 0.88 (0.69–1.11) �16.17 0.96 (0.81–1.13) �5.23
Institute C 139 127 1.09 (0.92–1.29) 13.25 1.24 (0.91–1.65) 35.72 1.03 (0.83–1.27) 4.31
Institute D 61 79.7 0.77 (0.59–0.98) –32.24 0.95 (0.26–2.43) �7.24 0.76 (0.57–0.98) –33.55
Institute E 74 83.5 0.89 (0.70–1.11) �15.57 1.02 (0.74–1.38) 3.23 0.76 (0.52–1.07) –33.24
Pelvis
All Institutes 387 301.2 1.28 (1.16–1.42) 12.61 1.39 (1.21–1.59) 18.08 1.17 (1.00–1.36) 7.19
Institute A 181 130.4 1.39 (1.19–1.61) 17.27 1.40 (1.17–1.65) 18.05 1.36 (0.98–1.85) 14.90
Institute B 94 76.6 1.23 (0.99–1.50) 9.83 1.43 (1.02–1.96) 19.90 1.11 (0.84–1.45) 4.77
Institute C 58 41.3 1.41 (1.07–1.82) 18.31 1.80 (1.14–2.70) 39.19 1.23 (0.86–1.71) 9.95
Institute D 31 25.4 1.22 (0.83–1.73) 9.69 2.16 (0.44–6.26) 56.38 1.17 (0.78–1.69) 7.28
Institute E 23 27.7 0.83 (0.53–1.25) �7.71 0.84 (0.43–1.47) �7.53 0.82 (0.41–1.47) �7.87
Head & Neck
All Institutes 92 84.4 1.09 (0.88–1.34) 1.09 1.16 (0.86–1.54) 1.95 1.02 (0.74–1.37) 0.23
Institute A 42 36.4 1.15 (0.83–1.56) 1.88 0.95 (0.62–1.39) �0.63 1.79 (1.03–2.92) 9.52
Institute B 25 21.9 1.14 (0.74–1.69) 1.73 1.48 (0.74–2.66) 5.86 0.97 (0.53–1.62) �0.38
Institute C 13 11.5 1.13 (0.60–1.93) 1.64 1.19 (0.32–3.01) 2.37 1.11 (0.51–2.11) 1.35
Institute D 3 7.2 0.41 (0.09–1.22) �7.14 2.77 (0.06–13.93) 22.05 0.29 (0.04–1.05) �8.64
Institute E 9 7.5 1.20 (0.55–2.28) 2.46 1.89 (0.76–3.90) 11.1 0.52 (0.06–1.90) �5.82
Lung & Bronchus
All Institutes 308 300.9 1.02 (0.91–1.15) 1.03 1.03 (0.88–1.20) 1.28 1.02 (0.86–1.20) 0.77
Institute A 146 130.8 1.12 (0.94–1.31) 5.08 1.08 (0.89–1.31) 3.73 1.23 (0.86–1.71) 9.18
Institute B 62 76.6 0.81 (0.62–1.04) �8.1 0.64 (0.38–1.01) �16.53 0.91 (0.66–1.22) �3.79
Institute C 53 40.8 1.30 (0.97–1.70) 13.1 1.31 (0.76–2.09) 15 1.29 (0.90–1.79) 12.35
Institute D 24 25.1 0.96 (0.61–1.42) �1.88 2.12 (0.44–6.26) 54.8 0.89 (0.55–1.35) �4.79
Institute E 23 27.5 0.84 (0.53–1.26) �7.4 1.04 (0.58–1.71) 1.74 0.61 (0.26–1.20) �16.23
Abdomen
All Institutes 391 393.9 0.99 (0.90–1.10) �0.43 1.04 (0.90–1.19) 2.42 0.94 (0.81–1.09) �3.27
Institute A 181 169.6 1.07 (0.92–1.24) 3.86 1.09 (0.92–1.29) 5.47 0.98 (0.70–1.34) �1.02
Institute B 98 100.9 0.97 (0.79–1.18) �1.60 0.95 (0.65–1.33) �3.14 0.99 (0.76–1.26) �0.82
Institute C 49 54.3 0.90 (0.67–1.19) �5.77 1.03 (0.60–1.66) 2.17 0.84 (0.58–1.19) �8.98
Institute D 28 33.7 0.83 (0.55–1.20) �9.72 0.55 (0.01–3.10) �27.35 0.85 (0.56–1.23) �8.78
Institute E 35 35.5 0.99 (0.69–1.37) �0.83 0.90 (0.52–1.47) �5.88 1.07 (0.64–1.67) 4.04
Colon
All Institutes 192 193.2 0.99 (0.86–1.15) �0.17 1.05 (0.86–1.28) 1.57 0.93 (0.74–1.15) �1.91
Institute A 88 83.4 1.05 (0.85–1.30) 1.53 1.11 (0.87–1.40) 3.08 0.88 (0.51–1.41) �3.15
Institute B 46 49.4 0.93 (0.68–1.24) �1.88 0.80 (0.44–1.34) �5.71 1.00 (0.69–1.42) 0.08
Institute C 28 26.6 1.05 (0.70–1.52) 1.54 1.33 (0.66–2.37) 10.30 0.93 (0.54–1.49) �1.99
Institute D 13 16.4 0.79 (0.42–1.36) �5.74 - - 0.84 (0.45–1.43) �4.43
Institute E 17 17.4 0.98 (0.57–1.56) �0.69 1.01 (0.47–1.94) 0.52 0.93 (0.40–1.83) �1.86
Bladder
All Institutes 265 202.2 1.31 (1.16–1.48) 9.17 1.40 (1.18–1.64) 12.28 1.22 (1.01–1.46) 6.08
Institute A 126 87.6 1.44 (1.20–1.71) 13.00 1.42 (1.15–1.74) 12.86 1.49 (1.01–2.13) 13.40
Institute B 67 51.2 1.31 (1.01–1.66) 8.88 1.53 (1.02–2.21) 16.14 1.19 (0.84–1.62) 5.20
Institute C 37 27.8 1.33 (0.94–1.84) 9.99 1.49 (0.80–2.56) 16.08 1.26 (0.81–1.87) 7.52
Institute D 22 16.9 1.30 (0.82–1.97) 8.66 2.15 (0.27–8.03) 37.34 1.25 (0.76–1.93) 7.19
Institute E 13 18.7 0.70 (0.37–1.19) �9.27 0.83 (0.36–1.63) �5.50 0.55 (0.18–1.30) �12.91
Rectum
All Institutes 117 87.7 1.33 (1.10–1.60) 4.23 1.45 (1.12–1.84) 5.60 1.21 (0.90–1.60) 2.59
Institute A 55 38 1.45 (1.09–1.88) 5.70 1.46 (1.06–1.97) 6.07 1.39 (0.72–2.44) 4.60
Institute B 25 22.5 1.11 (0.72–1.64) 1.39 1.24 (0.59–2.27) 3.20 1.04 (0.58–1.72) 0.46
Institute C 19 11.9 1.60 (0.96–2.49) 7.65 2.44 (1.11–4.62) 19.88 1.22 (0.58–2.24) 2.71
Institute D 9 7.4 1.22 (0.56–2.31) 2.75 2.43 (0.06–13.93) 19.88 1.15 (0.49–2.25) 1.85
Institute E 9 7.9 1.13 (0.52–2.16) 1.75 0.73 (0.15–2.13) �3.68 1.57 (0.58–3.44) 7.01

*bold numbers indicate significantly increased SIRs; observed (Obs); expected (Exp).
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increase in non-pelvis SPC risk with the introduction of advanced
EBRT. We also observed this in our previous study on this topic,
where we identified in particular an increased non-pelvis SPC risk
in the advanced EBRT era for patients aged � 70 years at time of
diagnosis [12]. In the current study, exploring data at the RT insti-
tute level and acquiring detailed RT protocol data, we were unable
to establish a clear pattern in non-pelvis SPC risks. Similarly to the
5

trend observed at the nationwide level, we found that the risk for
pelvis SPC decreased as EBRT advances, especially with respect to
bladder SPC. Between RT institutes considerable variations in SPC
risks were observed; at the same time statistical power and there-
fore confidence intervals were large at the institute level. Further-
more, one must keep in mind that (inherent to the observational
nature of the study), observations of (excess) SPC risks in different



Fig. 1. SIR for the 3D-CRT cohort and the advanced EBRT cohort, for a nationwide reference value, all RT institutes combined and for the different RT institutes.
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cohorts do not necessarily reflect underlying causal relationships
between radiation and SPC.

Previous modelling studies have predicted that IMRT increases
the risk of developing a SPC [3,8,9,14]. This increase is related to
the increased low dose regions and the increased radiation expo-
sure of tissues located outside the treatment fields. This aspect
was considered of particular importance for patients with long life
expectancy after cancer diagnosis, such as the PCa patient popula-
tion. However, more recent modelling studies have demonstrated
that this increased risk may have been overestimated, and that
the proposed risk might in fact be reduced with advanced tech-
niques [14–17].

To date, observational cohort studies show conflicting results.
Zelefsky and colleagues (2012) report a reduced SPC risk with
the introduction of advanced EBRT, especially in areas close to
the prostate, such as the bladder and the rectum [13]. Conversely,
a study by Buwenge et al. (2020) suggests a correlation between
the use of modulated techniques and the incidence of second pel-
vic tumors [10]. Studies by Journy et al. (2016) and Xiang et al.,
(2020) found no difference in SPC incidence after 3D-CRT versus
IMRT [1,18]. In a recent nationwide cohort study we found that
SPC risks after advanced EBRT persists, and is even increased for
second cancers in the non-pelvis region [12]. This nationwide
study included all PCa patients diagnosed in the Netherlands, and
calendar period was used as a proxy to label RT technique.

All institutes, except for institute E, used IMRT/VMAT for
advanced EBRT. In addition, institute E was the only institute that
used 6 MV for delivery of advanced EBRT. Institute E introduced
tomotherapy as a successor of 3D-CRT. Similarly to VMAT,
tomotherapy is an arc-based approach for delivering IMRT [19].
We observed for this institute a significantly lower SIR for non-
pelvic tumors compared to the general population, which suggests
6

that the applied RT protocol is safe with respect to unfavorable
out-of-field dose. From literature it is known that tomotherapy
results in better organs at risk sparing compared to other advanced
techniques, such as VMAT [20,21]. With respect to the used energy,
6 MV and 10 MV are both considered optimal energies for deliver-
ing intensity-modulated EBRT, since they are both associated with
a low neutron contribution, and treatment plans have comparable
plan quality [22]. Further research is therefore needed to assess
SPC risks with respect to tomotherapy versus other advanced EBRT
techniques.

Looking at second tumor sites in the pelvis region specifically,
pelvic SPC (and in particular bladder SPC) show consistently lower
SIRs for the advanced EBRT cohort. However, we also observed that
for estimated risks beyond 5 years of follow-up, estimated risks
were similar. With respect to variations in bladder SPCs, we know
that the dose distribution with advanced EBRT is quite different
from 3D-CRT, with larger very low-dose volumes and smaller
intermediate to high-dose volumes [23]. Also dose constraints
might have an impact on potential risk differences between RT
protocols. The identification of potential underlying relationships
is subject of further research.

The strengths of this study are that it made use of RT protocol
specific information. The NCR does not routinely collect informa-
tion on specific treatment-related characteristics. By linking the
RT protocol information obtained from each institute to the NCR
data, we were able to have a more accurate representation of the
exact treatment administered. By limiting our patient selection
to patients with no regional lymph node involvement or distant
metastasis, we can assume that patients did not receive elective
lymph node irradiation. Furthermore, we were able to explore
how the risk of developing a SPC differed between RT institutes,
and how this risk compared to nationwide reference numbers.



Fig. 2. SIR per EBRT technique for all RT institutes combined for different follow-up years.
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Our risk analysis was based on nationwide cancer incidences.
However, between the different regions of the Netherlands there
is variation in cancer incidences, due to differences in sociodemo-
graphic status. In order to control for regional differences in cancer
incidences, we verified our analysis using regional cancer
incidences.

One inherent weakness of this study is the available follow-up
for the advanced EBRT cohort. For studying SPC trends after EBRT,
sufficient follow-up is essential. Studies have shown that the
development of a solid SPC is in particular increased after five year
follow-up [11,24,25]. In our study we observed for the advanced
EBRT cohort no significantly increased SPC risks for the period 1–
5 year. For the period 5–10 years of follow-up, we observed a sig-
nificant increased risk for second pelvis cancers. We were unable
to observe clear patterns of SPC risk beyond 10 years, in particular
for SPC sites such as the pelvis and organs within the pelvis, due to
the small number of observed events. Therefore repeating this
analysis in the future with a longer follow-up for the advanced
techniques is essential to establish clear risk patterns over time.
7

Additionally, for some tumor site specific analyses, we had limited
statistical power to establish excess risk patterns. This was partic-
ularly evident for analysis stratified by RT institute. Therefore, the
results of institutes with small sample sizes must be interpreted
with caution.

Advances in the field of EBRT have resulted in better biochem-
ical disease control and reduced treatment-related toxicity,
improving the overall wellbeing of the patient [12]. Current
advances in EBRT are focused around improving IGRT, with the
use of MR-guided radiotherapy, as well as the introduction of
hypofractionation protocols [26]. It would be interesting to explore
the impact these advances have on the risk of developing a SPC
once sufficient follow-up data become available.

In conclusion, in the current multi-center cohort we were
unable to explain by means of RT specific information the small,
but significant increased risk in second non-pelvis SPCs that we
previously observed at a nationwide level [12]. For pelvic cancers,
in particular bladder SPC, we observed consistent lower risks for
advanced EBRT compared to the previous 3D-CRT era. This was
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however mainly caused by lower risks in the follow-up period 1–
5 years, with similar estimated risks for the period > 5 years when
radiation-induced solid SPCs are more likely to occur then < 5 year
follow-up. Therefore this result should be interpreted with caution.
Overall the outcomes of this study suggest that the risk of develop-
ing a SPC after advanced EBRT is not as substantial as certain mod-
elling studies have suggested. Our findings further indicate that the
risk of developing a secondary cancer is especially in older patients
not as concerning as previously thought. Therefore, despite the
current results indicating limited excess SPC risks for advanced
EBRT techniques (with low absolute numbers of SPC and low esti-
mated AERs), further research with longer follow-up for the
advanced EBRT cohort is needed to explore potential associations
between specific aspects of advanced EBRT and SPC risk, in order
to establish risk estimates for younger patients. In addition, with
constantly evolving EBRT protocols (like the introduction of
hypofractionation, new imaging protocols), awareness and studies
addressing SPC risks remain important.

Funding

This study was funded by a grant (12009) from The Dutch Can-
cer Society (KWF).

Data Availability Statement

The raw data supporting the conclusions of this study will be
made available by the authors, without undue reservation.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgement

The authors thank the registration team of the Netherlands
Comprehensive Cancer Organisation (IKNL) for the collection of
data from the Netherlands Cancer Registry. We would also like to
thank the Dutch Cancer Society (KWF) for funding this study.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.radonc.2023.109659.

References

[1] Journy NMY, Morton LM, Kleinerman RA, Bekelman JE, de Gonzalez AB. Second
primary cancers after intensity-modulated vs 3-dimensional conformal
radiation therapy for prostate cancer. JAMA Oncol 2016;2:1368–70.

[2] Yoon M, Ahn SH, Kim J, Shin DH, Park SY, Lee SB, et al. Radiation-induced
cancers from modern radiotherapy techniques: intensity-modulated
radiotherapy versus proton therapy. Int J Radiat Oncol Biol Phys
2010;77:1477–85.
8

[3] Hall EJ, Wuu C-S. Radiation-induced second cancers: the impact of 3D-CRT and
IMRT. Int J Radiat Oncol Biol Phys 2003;56:83–8.

[4] Jin T, Song T, Wang K. Radiation-Induced Secondary Malignancy in Prostate
Cancer: A Systematic Review and Meta-Analysis. Urol Int (2014) 93 :279-88.

[5] Sitathanee C, Tangboonduangjit P, Dhanachai M, Suntiwong S, Yongvithisatid
P, Rutchantuk S, et al. Secondary cancer risk from modern external-beam
radiotherapy of prostate cancer patients: Impact of fractionation and dose
distribution. J Radiat Res 2021;62:707–17.

[6] Deng J, Zhang Y, Zhou L, Ming X, Wu H. Why are we concerned about imaging
dose in the radiotherapy of cancers? Austin J Radiol 2014;1:1–3.

[7] Hall EJ. Intensity-modulated radiation therapy, protons, and the risk of second
cancers. Int J Radiat Oncol Biol Phys 2006;65:1–7.

[8] Schneider U. Modeling the risk of secondary malignancies after radiotherapy.
Genes (Basel) 2011;2:1033–49.

[9] Dasu A, Toma-Dasu I. Models for the risk of secondary cancers from radiation
therapy. Phys Med 2017;42:232–8.

[10] Buwenge M, Scirocco E, Deodato F, Macchia G, Ntreta M, Bisello S, et al.
Radiotherapy of prostate cancer: impact of treatment characteristics on the
incidence of second tumors. BMC Cancer 2020;20:1–8.

[11] Jahreiß M-C, Aben KKH, Hoogeman MS, Dirkx MLP, de Vries KC, Incrocci L,
et al. The risk of second primary cancers in prostate cancer survivors treated in
the modern radiotherapy era. Front Oncol 2020;10:2519.

[12] Jahreiß M-C, Heemsbergen WD, Bv S, Hoogeman M, Dirkx M, Pos FJ, et al.
Impact of advanced radiotherapy on second primary cancer risk in prostate
cancer survivors: a nationwide cohort study. Front Oncol 2021;11:771956.

[13] Zelefsky MJ, Housman DM, Pei X, Alicikus Z, Magsanoc JM, Dauer LT, et al.
Incidence of secondary cancer development after high-dose intensity-
modulated radiotherapy and image-guided brachytherapy for the treatment
of localized prostate cancer. Int J Radiat Oncol Biol Phys 2012;83:953–9.

[14] Filippi AR, Vanoni V, Meduri B, Cozzi L, Scorsetti M, Ricardi U, et al. Intensity
modulated radiation therapy and second cancer risk in adults. Int J Radiat
Oncol Biol Phys 2018;100:17–20.

[15] Zwahlen DR, Bischoff LI, Gruber G, Sumila M, Schneider U. Estimation of
second cancer risk after radiotherapy for rectal cancer: comparison of 3D
conformal radiotherapy and volumetric modulated arc therapy using different
high dose fractionation schemes. Radiat Oncol 2016;11:1–9.

[16] Ardenfors O, Josefsson D, Dasu A. Are IMRT treatments in the head and neck
region increasing the risk of secondary cancers? Acta Oncol 2014;53:1041–7.

[17] Ruben JD, Davis S, Evans C, Jones P, Gagliardi F, Haynes M, et al. The effect of
intensity-modulated radiotherapy on radiation-induced second malignancies.
Int J Radiat Oncol Biol Phys 2008;70:1530–6.

[18] Xiang M, Chang DT, Pollom EL. Second cancer risk after primary cancer
treatment with three-dimensional conformal, intensity-modulated, or proton
beam radiation therapy. Cancer 2020;126:3560–8.

[19] Scobioala S, Kittel C, Wissmann N, Haverkamp U, Channaoui M, Habibeh O,
et al. A treatment planning study comparing tomotherapy, volumetric
modulated arc therapy, sliding window and proton therapy for low-risk
prostate carcinoma. Radiat Oncol 2016;11:128.

[20] Wolff D, Stieler F, Welzel G, Lorenz F, Abo-Madyan Y, Mai s, et al. Volumetric
Modulated Arc Therapy (VMAT) vs. Serial Tomotherapy, Step-and-Shoot IMRT
and 3D-Conformal RT for Treatment of Prostate Cancer. Radiother Oncol. 2009;
93:226-33.

[21] Tsai C-L et al. Treatment and dosimetric advantages between VMAT, IMRT, and
helical tomotherapy in prostate cancer. Med Dosim 2011:264–71.

[22] Mazonakis M, Kachris S, Damilakis J. VMAT for prostate cancer with 6-MV and
10-MV photons: Impact of beam energy on treatment plan quality and model-
based secondary cancer risk estimates. Mol Clin Oncol 2021;14:89.

[23] Wortel RC, Incrocci L, Pos FJ, Lebesque JV, Witte MG, van der Heide UA, et al.
Acute toxicity after image-guided intensity modulated radiation therapy
compared to 3D conformal radiation therapy in prostate cancer patients. Int J
Radiat Oncol Biol Phys 2015;91:737–44.

[24] Abdel-Wahab M, Reis IM, Hamilton K. Second primary cancer after
radiotherapy for prostate cancer-a seer analysis of brachytherapy versus
external beam radiotherapy. Int J Radiat Oncol Biol Phys 2008;72:58–68.

[25] de Gonzalez AB, Wong J, Kleinerman R, Kim C, Morton L, Bekelman JE. Risk of
second cancers according to radiation therapy technique and modality in
prostate cancer survivors. Int J Radiat Oncol Biol Phys 2015;91:295–302.

[26] Miralbell R, Roberts SA, Zubizarreta E, Hendry JH. Dose-fractionation
sensitivity of prostate cancer deduced from radiotherapy outcomes of 5,969
patients in seven international institutional datasets: a/b= 1.4 (0.9–2.2) Gy. Int
J Radiat Oncol Biol Phys 2012;82:e17–24.

https://doi.org/10.1016/j.radonc.2023.109659
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0005
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0005
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0005
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0010
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0010
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0010
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0010
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0015
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0015
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0025
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0025
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0025
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0025
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0030
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0030
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0035
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0035
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0040
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0040
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0045
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0045
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0050
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0050
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0050
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0055
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0055
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0055
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0060
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0060
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0060
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0065
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0065
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0065
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0065
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0070
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0070
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0070
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0075
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0075
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0075
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0075
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0080
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0080
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0085
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0085
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0085
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0090
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0090
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0090
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0095
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0095
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0095
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0095
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0105
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0105
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0110
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0110
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0110
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0115
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0115
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0115
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0115
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0120
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0120
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0120
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0125
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0125
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0125
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0130
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0130
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0130
http://refhub.elsevier.com/S0167-8140(23)00197-4/h0130

	Advances in radiotherapy and its impact on second primary cancer risk: A multi-center cohort study in prostate cancer patients
	Methods
	Study design
	Definition of SPC and follow-up
	Statistical analysis
	Role of the funding source

	Results
	Patient Characteristics and RT protocol information
	Second primary cancers (SPC)
	Non-pelvis SPC risk
	Pelvis SPC risk
	RT protocol characteristics
	Nationwide reference
	Calculations with regional cancer incidence data
	Risks for different follow-up periods

	Discussion
	Funding
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supplementary material
	References


