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1. Introduction

Intensity modulated radiotherapy (IMRT)! and volumetric
modulated arc therapy (VMAT)? are usually associated, in
comparison with three dimensional conformal radiotherapy
(3D-CRT), not only to the reduction of volumes irradiated to
high dose levels, but also to the significant increase of volume
exposed to low doses due to the increase in the number of
beam entries and, usually, of monitor units (MUs). These out-
of-field doses are related to the secondary malignancies.>*
According to Diallo et al.* more than 70% of second malig-
nancies would occur outside the irradiated volume (ICRU
definition), named as out-of-field or peripheral region from
now onwards.

The increased concern about second primary cancer risk
has led to a substantial number of works focusing on the
evaluation of out-of-field doses. For example, Xu et al.> and
Gudowska et al.® have published interesting reviews about this
topic. In photon radiotherapy (RT), out-of-field doses are due to
photons scattered inside the body and in the linac head com-
ponents, as well as those leaking through the linac head. This
unwanted photon dose is increased by the neutron contribu-
tion during high energy (i.e., >10 MV) photon RT treatments.’
However, neutrons have been frequently ignored, in contrast
to photon dosimetry, due to the lack of adequate evaluation
procedures. In this sense, our group has recently developed a
systematic methodology to quantify neutron absorbed doses
to organs.®'! This lack of established methods for out-of-field
dosimetry prevented the estimation of second primary can-
cer risks associated to specific treatments. And yet, the ability
to estimate equivalent organ doses (even retrospectively) is
essential for epidemiology studies intended to improve radio-
carcinogenesis models.

In the past, 3D-CRT high energy treatments were common
for pelvic irradiation since the target is located deep inside
the body.'? The arrival of highly-demanding MUs techniques
(e.g., IMRT, VMAT, etc.), presented the dilemma in deciding
whether or not to continue using high energy. In fact, based on
results showing no clear clinical benefit with the high energy,
some works recommended the low-energy photon beams for
IMRT.*® The low energy IMRT plans, in general, can be clinically
equivalent to those with high energy in terms of target cover-
age, homogeneity, and conformity; but with the advantage of
no neutron production. However, this is generally achieved at
the cost of an increased number of Monitor Units (MUs) and
so larger low-dose peripheral volumes. Nonetheless, the new
techniques were frequently implemented at low energy, being
the latter the current preference.’? That is, simply because
there is not clear quantification of the disadvantages, which
allow the proper risk-benefit judgement. A recent review'*
evaluates a significant number of published data, but mainly
focused on conventional treatments and encouraging to its
extension to modern techniques.

The dosimetric methodology used in this work, is based on
two different models developed by our group to estimate the
neutron'’ and photon'® peripheral equivalent dose to cancer-
at-risks organs for patients undergoing photon RT. Despite
being responsible from a significant fraction of second can-
cers, this low-dose region is frequently ignored. For example,

according to Berrington et al.’® approximately 80% of the sec-
ond cancers were observed far from the beams portals after 2D
and 3D prostate cancer RT (i.e., excluding rectal and bladder
second cancers from the total number of second cancers).

Our models allow the estimation, even retrospectively, of
neutron and photon dose to out-of-field organs, beyond the
region where commercial treatment planning systems are not
intended to calculate accurately.’” Moreover, the models used
take into consideration patient’s size without the need of the
patient’s whole body CT scan (which is not usually available).

The aim of this work was to quantify the impact, in terms
of peripheral low-doses, and, subsequently, of the risk of sec-
ond primary cancers, of using clinically relevant high energy
IMRT and VMAT vs. 3D-CRT treatment plans. That is to what
extent high energy IMRT-VMAT plans are a sensible alternative
to high-energy 3D-CRT in terms of peripheral doses.

2. Methods
2.1.  Radiotherapy plans

Three tumour sites (prostate, rectum and cervix) were cho-
sen. Treatments were planned on available patient CT sets,
so that the Planning Target Volume (PTV) and organs at risk
(OAR) could be drawn. Four different scenarios, 3D-CRT and
VMAT at 15MV plans and 3D-CRT and IMRT at 18 MV plans,
were generated for each treatment site and then delivered
to an anthropomorphic RANDO" phantom (Radiology Support
Devices Inc., Long Beach, CA) (Fig. 1). A Varian DHX 2100 linac
unit (Varian Medical System, Palo Alto, CA) was used for the
15MV VMAT and 3D-CRT treatments, whereas a Varian Clinac
2100C/D (Varian Medical System, Palo Alto, CA) was used for
the IMRT and 3D-CRT at 18 MV. A DHX 2100 Linac Unit.

All plans were created so that at least 95% of the prescribed
dose (different for each tumour site) was delivered to 100%

Fig. 1 - Experimental set-up for neutron dose measurement
during the irradiation of the anthropomorphic RANDO"
phantom. The digital detector used during treatment
delivery is highlighted. It can be noted that the detector
position does not interfere with the routine clinical activity,
as it does not need to be close to the patient.
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Table 1 - Characteristics of the treatments delivered to the anthropomorphic phantom. All treatments listed here were

delivered with coplanar beams.

Tumoursite Dose to 95% isodose (Gy) Energy (MV) Technique MU Other
15 3D-CRT 9338 7 incidences
Prostat 70 VMAT 18247 1 arc
rostate e 3D-CRT 11585 5 incidences, physicwedge
IMRT 36526 5 incidences
15 3D-CRT 6777 3 incidences, virtual wedge
Rect 45 VMAT 8964 2 arcs
ectum s 3D-CRT 5171 4 incidences
IMRT 21717 5 incidences
1= 3D-CRT 6147 4 incidences
Cervi 45 VMAT 14139 2 arcs
ervix 18 3D-CRT 5742 4 incidences
IMRT 27099 7 incidences

of PTV and that the physical dose-volume constraints on the
OAR met acceptable clinical criteria. All prostate plans fulfilled
the dose-volume constraints recommended by Gulliford and
colleagues.’ As soon as these goals were achieved, no extra
attempt was made in terms of further improving the OAR
sparing or decreasing the number of MUs (compatible with
tumour prescription). Main characteristics of the treatment
plans have been summarized in Table 1. Plans were created
using Eclipse™ treatment planning system v. 8.6 and 8.1for
the 15MV and 18 MV treatments, respectively. For IMRT plans,
inverse planning was used with no more than 7 field entries.
The 15 MV rectum and 18 MV 3D-CRT prostate cases required
the use of wedges, which is reflected in the increased number
of total MUs. Once the plans were created, they were delivered
to one anthropomorphic Alderson RANDO" phantom (Fig. 1).

2.2. Peripheral dose determination

Depending on the dose level, either the dose calculation
and/or the risk models should deserve different considera-
tions as Harrison nicely discussed.’ More specifically, up to
3-4 Gy (i.e., 5% of current RT prescription doses) seems to be
reasonable to adopt the linear no threshold (LNT) model.?*-??
However, the accuracy of commercial treatment planning sys-
tems (TPS) might be questioned at such distances from the
target volume.”®> Within the volume enclosed by the 5% iso-
dose curve (high to medium dose), TPS should calculate doses
accurately but a greater uncertainty for risk estimation mod-
els, due to the incomplete understanding of non-linear effects
such as cell sterilization and repopulation, might exits. Never-
theless, foundation for secondary risk estimations lies in the
reliable knowledge of dose to organs.

As the high to medium dose region is covered by the TPS,
this work will focus on using a robust dosimetric methodol-
ogy to determine photon and neutron doses in the low dose
region. The later for the evaluation and comparison of sec-
ondary cancer risks associated to IMRT or VMAT vs. 3DCRT at
high energies.

The 9 RT plans described in Table 1, were delivered to the
anthropomorphic phantom. During the irradiations, a ther-
mal neutron digital detector,?* allowing the application of the
neutron equivalent dose determination (see Section 2.2.1), was

used. No photon detector was required as the photon doses are
determined by means of an analytic model (see Section 2.2.2)

2.2.1. Neutron equivalent dose
The neutron model used'! approximates the equivalent dose
to organs to the average of dose equivalent at a few points
that represent the organ of interest for second cancer esti-
mations. In that model, the dose equivalent per unit neutron
fluence at a given point was theoretically obtained by folding
the following three energy-dependent quantities: the neu-
tron spectrum derived from Monte Carlo (MC) simulation, the
fluence-to-kerma conversion coefficient® and the radiation
weighting factors given in ICRP-103.?! Finally, the dose equiv-
alent at a point in a tissue was determined by multiplying the
resulting quantity by the total neutron fluence measured in-
phantom with passive detectors. This dose equivalent, which
approximates the equivalent dose in an organ of interest, was
correlated with the readings of a neutron digital detector® !
located inside the treatment room during phantom irradia-
tion. The above methodology allowed the development of a
correlation model which, applied to the digital detector read-
ings during patient irradiation, enables the on-line estimation
of neutron equivalent dose to organs.®!!

In particular, the neutron equivalent dose to k-organ (H7 )
can be obtained from the following equation:

[HIY (u5v) = R - [EEHW)]y :

where R can be either estimated by means of the facility
characterization approach®'° or directly measured'! (the lat-
ter is the case of this study). [E(HW)]y; are the corresponding
equations for every k-organ for a j-treatment location and
regarding patient size.'! The uncertainty in the neutron equiv-
alent dose to organs, estimated using this methodology, was
at least 30% (1SD), which included the uncertainties asso-
ciated to: the digital detector readings and the bunker size
factor. Remarkably, this uncertainty is dominated by the last
factor due to the dispersion of the values measured at 6 dif-
ferentinstitutions.® This neutron dosimetric methodology has
been successfully tested by means of and independent set of
neutron detectors.?>?6

Due to difficulties raised on photon rejection when esti-
mating neutron doses, this model was originally established
for points at distances larger than 10 cm from the 50% isodose.
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However, as neutron fluence does not drastically depend on
distance to the treatment field, it has been assumed reason-
able to extend the calculation to all points outside the 5%
isodose. This assumption is not critical anyway as neutron
doses are not the main contribution to the peripheral dose,
especially at this close regions of high photon contribution.

In the present study, R in Eq. (1) was provided by a digital
detector?* placed inside the bunker during the actual deliv-
ery of each plan (Fig. 1) whereas the [E(HW)],; values were
calculated using height and weight of the anthropomorphic
RANDO" phantom.

2.2.2. Photon equivalent dose

The analytical photon model evaluates the contribution to
the peripheral dose of scatter and leakage photons.'® Firstly,
a dose at points basic model was proposed and parameter-
ized by fitting it to absorbed doses measured with TLD-700
in a humanoid phantom during a “reference” irradiation with
open beams. The basic model was then modified to account
for any field shape, size and degree of modulation. The equiv-
alent dose to organs model was proposed as the integration
of absorbed dose at points along the organ length (estimated
by rescaling the individual anatomical dimensions onto a
mathematical phantom with internal organs). Note that this
approximation is valid as the model operates in the low-dose
region where tissue response is assumed to be linear.

Photon dose at points was calculated following the model
described in Sanchez-Nieto et al.'®> The model allows, for
isocentric treatments, calculating the absorbed dose (termed,
peripheral photon dose - PPD) at any point placed at a distance
x from the isocenter of the treatment and at the same depth z
using the following equation:

B
PPD(x,z.f, €)=A+ 2 € F(f)e "eff 2

where A represents the component due to leakage, assumed as
constant, and the second term accounts for the radiation scat-
tered in the linac head. The latter was modelled as the result
of a virtual source of radiation emitting isotropically from the
linac head which falls off as the inverse-square law (~B/x?) and
the exponential attenuation in air and tissue (~e"ef). Addi-
tionally, the effect of the efficiency in the use of MUs and
the field size is considered through factors € and F(f), respec-
tively. We refer the reader to the work describing the model®
for a detailed explanation of parameters and their appropri-
ate values. The largest relative uncertainty of the model was
+25%.

Finally, photon equivalent dose to organ k(Hh) is cal-
culated as the weighted sum of PPD at points along the
cranio-caudal axis of the organ. A validation of the PPD at
points and dose-to-organ models has been carried out with
TLD-100 placed inside an Alderson phantom.?” TLD-100 mea-
surements and calculations showed excellent agreement up
to points lying on the 5% isodose.

2.3. Second cancer risk models

Despite the main goal of our work was the calculation of
peripheral doses, we considered that it would be of interest to

perform a first assessment of the associated second primary
cancer risks. For that, recommendations by the International
Commission on Radiological Protection (ICRP) and the biolog-
ical effects of ionizing radiations (BEIR) were followed. There
are several sources for the uncertainties in radiation risk esti-
mates. Apart from statistical uncertainties, there are other
factors that can be encompassed as the transfer of risk esti-
mates between different populations. For example, applying
the risks estimates from the life span study (LSS) cohort of
atomic survivors to low-dose or chronic exposures (using the
dose and dose-rate effectiveness factor, the so called DDREF).
There are also differences across populations with respect
to prevalence of modifiers of radiation-related risks (such as
smoking habits for lung cancer assessment) or of baselines
cancer rates, or the relative biological effectiveness, relative
to the high-energy photons of the LSS cohort to the different
beam qualities during medical exposures. ICRP 103 and BEIR
VII extensively elaborate about that.

In RT, prescription doses prescribed are usually below 90 Gy,
and therefore the maximum dose at points lying outside the
5% isodose would be <4.5 Gy. According to Schneider et al.,??
this dose is about the upper limit for the use of a linear non-
threshold (LNT) response to dose of the cancer incidence rate.
Moreover, in Shuryak et al.?®%° the best fit models predic-
tion for separate organs corroborate Schneider’s statement
for even larger doses (e.g., 35Gy approximately for lung).
Only colon, according to Shuryak, would show a nonlinear
behaviour to very low doses (up to 2 Gy). Moreover, ICRP 992°
states that LNT theory remains a prudent basis for radiation
protection at low doses and low dose rates.

In this work, total equivalent dose to organs in the low dose
region were largely below 3 Sv. Therefore, whatever is the case
of acute or protracted irradiation, the same LNT model is valid.

Organ-specific second cancer incidence risks were then
estimated from the total equivalent dose to the organ (Hry),
computed as the sum of the neutron and photon equivalent
doses, as follows:

Rp = Ak - Hr = A - (HE, + Hp ) ()

being A, the appropriate risk coefficient.

ICRP uses nominal risk (after an average latency period of
10 years) whereas BEIR uses lifetime attributable risk (LAR)
after alatency period of 5 years for solid cancers and 2 years for
leukaemia. Although both models are primarily based on the
LSS study, they present some differences. ICRP-103 coefficients
were derived from averages across Asian and Euro-American
populations, and BEIR-VII coefficients, from the US popula-
tion. They also chose different DDREF values for cancer risk
estimation (values of 2 and 1.5 for ICRP-103 and 1.5 for BEIR VII,
respectively). Additionally, ICRP-103 risk estimates are sex-
and age-at-exposure-averaged, whereas BEIR-VII estimates
are also specific for these parameters. For the BEIR-VII SPCR
estimations in this work, the age-averaged coefficients (Table
12-5A in BEIR report??) were used in order to allow a compar-
ison with ICRP values (Table A.4.1).

In this work, the second primary cancer risk (SPCR here-
after) was estimated as the sum of the site-specific risks for all
of the organs considered by ICRP and BEIR. The set of common
organs for both protocols is: thyroid, lung, breast (for females),
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stomach, liver, colon, urinary bladder, and red marrow. ICRP
also considers oesophagus, bone, skin and a remainder group
including prostate for males and uterus for females. Con-
versely, those organs are considered independently in BEIR
report. Additionally, as no specification of remainder is done
in BEIR (it is just referred as “other solid”), calculations fol-
lowing that recommendation were carried out as in ICRP but
including oesophagus and excluding prostate/uterus. Despite
the fact that DDREF;crp > DDREFggR, not all the risk coefficients
for the organs in common to both protocols were smaller in
the ICRP-103 than in BEIR-VII. This might be due to the impact
of differences among the populations and latency times used
to derive the coefficients by the two commissions.

As previously mentioned, we focused our attention in
organs completely outside the 5% isodose volume or the
portion of the organ not enclosed by the 5% isodose curve.
Therefore, rectal second cancers (for prostate or gynaecologi-
cal irradiations) were not considered. The equivalent dose to
bladder and second cancer determinations corresponded to
the portion of the bladder in the low dose region.

3. Results and discussion

Tables 2 and 3 show photon and neutron equivalent doses to
the selected organs for the different tumour locations and
techniques. Prostate does not appear in the tables because
either it was totally enclosed by the 5% isodose curve or
the pathology was specific to females (i.e., cervix). Neutron
peripheral dose values obtained are compatible with the lin-
ear models by Expésito et al.”. For example, in the current
exercise, average neutron equivalent dose in liver for the
irradiations carried out at the Varian Clinac 2100 at 18 MV
with 10.000 MU would be 43.3 mSv, which coincides with the
value predicted by the linear regression showed in Expdsito
etal’®

Photon peripheral dose to organ (H}) ranged from 16 mSv to
the thyroid for the 15 MV 3D-CRT rectum treatment to 121 mSv
to bladder in the IMRT 18 MV prostate treatment. This result
is consistent with the fact that HY. is mainly dependent on the
distance to the border of the field and precisely, for each treat-
ment, the highest value was obtained for the closest organ
to treatment field (urinary bladder), while the lowest for the
furthest organ (thyroid). Neutron peripheral dose (H}) ranges
from 760 mSv to skin for the 18 MV IMRT prostate treatment to
4.65mSv to the colon for the 15 MV 3D-CRT rectum treatment.
For each treatment, neutron equivalent doses are dominated
by the depth of the organ or tissue, leading then to the highest
HI to skin.

Apart from the impact of the organ location on the equiva-
lent dose to organ (Hr) and linac unit, the beam-on-time and
energy are the other relevant parameters to look at. For exam-
ple, the larger the MUs, the larger the photon and neutron
equivalent doses, provided the other factors are kept constant.
Finally, beam energy affects differently to photon and neutron
equivalent doses. In the case of photons, the energy depen-
dence was considered negligible and therefore not included
in the model (Eq. (2)) whereas neutron dose follows the pho-
tonuclear cross section dependence with energy. Therefore,
there will be cases where the number of MUs and energy,
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play a countering role (i.e., one increases and the other one
decreases), and for those, the change in neutron doses might
not be easily predicted. For example, for the 3D-CRT rectum
treatment, there are two plans one at 15MV and the other at
18 MV (the former with a larger number of MUs). Unless the
specific neutron production of each machine is characterized,
R parameter in Eq. (1), it is not possible to envisage which plan
is associated to the lowest/highest neutron doses. In this case
the highest energy has an almost two-fold increase in second
cancer risk.! This result was not necessarily obvious before
performing the dose estimations.

However, it is complex to make a comparative assessment
among techniques delivered with different machines to dif-
ferent tumour locations in terms of peripheral doses to a
set of organs, which in turn exhibit different radiosensitiv-
ity. In order to simplify the comparison, peripheral doses were
“translated” into the risk of acquiring a second primary cancer.

Maximum absorbed photon doses were in general below
the limit established for the use of the simplest LNT models
(Eq. (3)). Thus for SPCR estimations, this method will be used
as cell sterilization effects would not present yet.

SPCR values in Fig. 2 were estimated using age-averaged
risk coefficients. Although age-average is recommended in
the field of radiological protection,?’ this might not be suit-
able for the purpose of estimating cancer risk in “identified
individuals” (note that this is not the proper term as our risk
estimations have been carried out with population risk fac-
tors).

Fig. 2 shows the impact, that the use of MU-demanding
techniques compared to 3D-CRT at high energies, would have
on SPCR. Nonetheless, the conclusions of the analysis should
be drawn in terms not of techniques but of number of MUs
as, for example, a highly wedged 3D-CRT plan can require a
number of MUs which are comparable to a forward planned
IMRT and, therefore, both risks would also be comparable.

Some general facts can be extracted from Fig. 2:

- ICRP recommendations lead to higher SPCR values. This is
mainly due to the contribution of the risk of skin (and to
a lesser extend bone) cancer, for which ICRP considers a
very high incidence rate (skin’s risk coefficient is approxi-
mately one order of magnitude larger than the others risk
coefficients). When skin is excluded, ICRP estimations are
for some cases even lower than the BEIR ones.

- When comparing cancer risks for the same treatment (e.g.,
rectum in this exercise), females present higher risk than
males (see Fig. 2b). This is not only due to the inclusion of
more organs but to a general higher radiosensitivity.

- For all pathologies the highest risk was obtained for the
18 MV IMRT planning as these plans exhibited the highest
number of MUs and the highest energy. This maximum risk,
if ICRP report is used, was approximately 10.3%, 4.1%, and
9.4% for prostate, rectum in a female patient, and cervix,

1 These two treatments were delivered with different linacs for
which neutron contamination was not the same and,
consequently, the same number of MUs in both facilities could
lead to different values of R in Eq. (1).
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Fig. 2 — SPCR values associated with the delivered plans
according to both BEIR and ICRP recommendations for (a)
prostate, (b) rectum, and (c) cervix treatments.

respectively. For all pathologies, this risk decreases 5.6% on
average when BEIR is used.

- The lowest risks were obtained for the 15MV 3D-CRT plan-
ning with a very small dispersion among treatment sites
(average value of 1.5% and 0.5% for ICRP and BEIR, respec-
tively).

- Average SCPR values for the prostate case were 1.0% and
4.6% for our BEIR and ICRP estimations (bladder second
cancers were excluded), respectively. Those numbers are
in agreement with the 7% estimation by Berrington et al.*®

for second cancers outside the 5% isodose (i.e., excluding
rectum and bladder second cancers).

- Conformal plans at both energies exhibited similar SPCR
values.

For the tested scenarios, it was found that in general risks
associated to VMAT plans doubled with respect to 3D-CRT
plans. IMRT treatments led to an average 3-fold increase. Thus,
the lower increase of risk for VMAT treatments could favour
this type of planning in the face of an inverse planned IMRT.
That is, when using high energy, any of the modulated tech-
niques implied at least a 20% increase in the risk of developing
a second primary cancer (following BEIR recommendations, if
ICRP would have been used, they would have been at least
of 30%) with respect to a conformal technique. These figures
could justify the suspicion on the use of high-energy photons
(e.g., >10MV) modulated techniques though the tailoring of
the high-dose volumes to the target volume could be compro-
mised. Note that neutron contamination is different for each
vendor and for Varian machines this has been estimated to
be double compared with other linacs.®'° As a consequence,
the risk values corresponding to the studied cases could have
been lower if the treatments would have been delivered with
linacs from other vendors.

The results of this study suggest that, mainly the intensity
modulated 18 MV plans, unless forward planning or any other
less MU-demanding technique is used, might not be the best
way to treat pelvic cancers. For 15MV energies, differences
between VMAT and 3D-CRT were not so important, particu-
larly for the prostate case in which the use of wedges increased
the number of MU in the 3D-CRT.

It was not the aim of this exercise to find out whether low
or high energy IMRT-VMAT plans were the best in terms of
minimizing peripheral dose, but, to what extent, high energy
IMRT-VMAT plans are a sensible alternative to high energy
3DRT in terms of peripheral doses. However, it is of interest
to mention that 6 MV plans for the same three tumour loca-
tions were created and the number of MU required were. As
expected, approximately 10% more than for the 15MV plans.
These larger numbers of MU did not lead to an increase in
photon doses high enough to compensate for the absence of
neutrons. Therefore, in all cases, the total equivalent dose at
organs for 6 MV was less than for any of the 15 MV plans. How-
ever, epidemiological studies such as the one by Berrington
et al.'’® on the risk of second cancers in prostate cancer sur-
vivors after RT treatments, did not find evidence that higher
energy would be associated with increased second cancer
risk.

4, Conclusion

This study illustrates the impact, in terms of photon and
neutron equivalent dose to organs unenclosed by the 5% iso-
dose curve, of the use of high-energy modulated techniques
(IMRT and VMAT) vs. conventional ones such as 3D-CRT. Total
equivalent doses were estimated be less than 1 Gy for any of
the organs outside the 5% isodose and yet, responsible for
average second cancers in up to 3.7% (ICRP) of patients treated
with RT. It was found for the dose region studied that, in
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average, peripheral doses associated to the modulated plans
are around 3 times higher than for the conventional 3D-CRT.
This comparative assessment was also carried out by means
of two different non-threshold linear models (ICRP and BEIR),
in order to assess the risk associated to these doses, with
average risks of around 3.7% for ICRP and 1.1% for BEIR models.
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