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Purpose: Second cancer, as a consequence of a curative intent radiotherapy (RT), represents a growing
concern nowadays. The unwanted neutron exposure is an important contributor to this risk in patients
irradiated with high energy photon beams. The design and development by our group of a neutron digital
detector, together with the methodology to estimate, from the detector readings, the neutron equivalent
dose in organs, made possible the unprecedented clinical implementation of an online and systematic
neutron dosimetry system. The aim of this study was to systematically estimate neutron equivalent dose
in organs of a large patient group treated in different installations.
Patients and methods: Neutron dosimetry was carried out in 1377 adult patients at more than 30 different
institutions using the new neutron digital detector located inside the RT room. Second cancer risk esti-
mates were performed applying ICRP risk coefficients.
Results: Averaged equivalent dose in organs ranges between 0.5 mSv and 129 mSv depending on the type
of treatment (dose and beam-on time), the distance to isocenter and the linac model. The mean value of the
second cancer risk for our patient group is 1.2%. Reference values are proposed for an overall estimation of
the risks in 15 linac models (from 2.8 � 10�5 to 62.7 � 10�5 %/MU).
Conclusions: The therapeutic benefit of RT must outweigh the second cancer risk. Thus, these results should
be taken into account when taking clinical decisions regarding treatment strategy choice during RT planning.

� 2013 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 107 (2013) 234–241
In the last few years, there has been a growing concern about
second cancer induction associated with radiation treatments [1–
6]. In its latest recommendations, the International Commission
on Radiological Protection (ICRP) explicitly considers patient radio-
logical protection [7].

Rapidly evolving radiation treatment technologies such as
Intensity Modulated Arc Therapy or Intensity Modulated Radiation
Therapy (IMRT) are able to produce a precise shaping of dose dis-
tributions, with a conformal avoidance of normal structures, which
allows tumor dose escalation. The latter, together with the larger
beam-on time associated with the inverse planning approach, im-
plies an increased number of monitor units (MU) compared to the
standard Conformal Therapy (CRT) [1,2], therefore leading to high-
er contributions of photon and neutron (energies above 10 MV)
peripheral dose. Consequently, the task of including the risk of
radiation-induced second cancers in the choice and optimization
of treatment modality has an enormous importance [5]. This work
d Ltd. All rights reserved.

Fisiología Médica y Biofísica,
focuses on the neutron contribution to peripheral dose, which is
probably the most complex and least studied.

According to ICRP Publication 103 [7], the equivalent dose in a
tissue or organ is the appropriate quantity to estimate the second
cancer risk of the patient. Some recent works estimate this quan-
tity for specific treatments [8–11] but, to our knowledge, no meth-
od has been developed to systematically provide the neutron
equivalent dose in organs and the associated radiation-induced
second cancer risk for any patient under radiotherapy (RT) treat-
ment. A thorough description of a novel system developed by our
group, based on a neutron digital detector placed in the treatment
room [12] that allows the estimation of neutron equivalent doses
in multiple organs of radiotherapy patients, can be found in Sán-
chez-Doblado et al. [13].

The aim of the present work was to apply that methodology to
the estimation of neutron equivalent doses in organs in a large co-
hort of adult patients treated in a variety of conditions. A total of
1377 patients have been measured since 2008 in 31 different insti-
tutions. Additionally, and using existing risk models, a translation
of the equivalent doses has been done in terms of the associated
risk of developing a second cancer.

http://dx.doi.org/10.1016/j.radonc.2013.03.011
mailto:mtromero@us.es
http://dx.doi.org/10.1016/j.radonc.2013.03.011
http://www.sciencedirect.com/science/journal/01678140
http://www.thegreenjournal.com
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Patients and methods

Neutron detector

Measurements were performed with an active detector devel-
oped by our group. A thorough description of the detector was gi-
ven by Gómez et al. [12]. This system is composed by an array of
static random access memory chips mainly sensitive to thermal
neutrons. Neutron interaction produces single-event upsets in
memory chips and, after the irradiation, the amount of these upsets
is computed. A piece of software, specifically designed, controls the
reading process and also converts the events into neutron equiva-
lent doses according to our model (see next subsection).
Neutron equivalent dose model

The methodology used for estimating the neutron equivalent
dose in an organ is described in Sánchez-Doblado et al. [13]. Our
model involved the convolution, at 16 reference points in an
anthropomorphic phantom, of the normalized Monte Carlo1 neu-
tron fluence energy spectra with the kerma and the energy-depen-
dent radiation weighting factor. These results were scaled by the
total neutron fluence measured, at the same points, with passive
detectors. Correlation models between the latter and the readings
of the digital detector were developed for specific irradiation sites,
field parameters and installations, which allowed the on-line estima-
tion of neutron equivalent doses.
Neutron equivalent dose in organs

The detector was placed in front of the rotation gantry axis and
close to the wall. This location prevents the device from receiving
the direct incidence of the photon beam and avoids gantry angle
dependence [14]. This position does not cause any inconvenience
to patient or staff.

In summary, the neutron dose is calculated as follows:

Hk;j
T ¼ DD� � gn

k;j ð1Þ

where Hk;j
T is the neutron equivalent dose (HT) in the organ k of a

patient subject to treatment j, DD⁄ is the detector reading during
irradiation, corrected by specific calibration factors and bunker
geometry, and gn

k;j are organ- and treatment-dependent correlation
coefficients estimated in [13]. The organs which are relevant for
radioprotection (thyroid, esophagus, lung, breast, stomach, liver,
colon, urinary bladder, ovary, skin, bone, bone marrow and the
remainder) have been selected for reporting the dose. The gn

k;j values
were estimated with an uncertainty of ±30% (1SD).

There are other factors affecting the uncertainty in neutron
equivalent dose in organs which will be discussed later. Therefore,
the neutron equivalent dose in organs obtained using this method-
ology has, at least, an uncertainty of 30% (1SD). This is acceptable
for personal dosimetry as indicated in the current recommenda-
tions for monitoring individuals [15].
Second cancer risk model

For second cancer estimates, we have followed ICRP-103 [7].
The risk estimates of this report are derived from incidence data,
for specific tumor sites, when adequate dose response data are
available (mainly from the Japanese Life Span Study [LSS], where
exposure conditions corresponded to acute or high doses
1 Our Monte Carlo simulation showed that normalized neutron spectra exhibit an
almost equal distribution at the isocenter, regardless of linac manufacturer and
energy. This universality of the primary spectral distribution is consequently
extended to the moderated (i.e., in-phantom) neutron spectra.
[>200 mSv]). However, ICRP-103 guidelines are intended to be fol-
lowed in case of low-dose, continuous, or fractionated exposures.
ICRP-103 uses a judged dose and dose-rate effectiveness factor
(DDREF = 2) that generalizes the usually lower biological effective-
ness of low doses and low dose rates radiation exposures. A differ-
ent case is the high LET radiation (such as neutrons), for which
some authors [16] do not apply such a correction, which is equiv-
alent to multiplying by 2 the risk coefficients of the ICRP-103.

Thus, the nominal risk estimates for each organ k were calcu-
lated as follows:

Rk;j ¼ 2 � kk � Hk;j
T ð2Þ

being kk the nominal risk coefficients (cases per 10,000 persons per
Sievert) (table A.4.1 of ICRP-103). Coefficients for the whole popula-
tion were selected instead of those for the working age population,
given that the latter is restricted to the 18–64 year-old interval, and
patients can be both older (frequently) and younger. Sex-specific
data were not considered, as ICRP-103 recommends for the general
purposes of radiological protection [7]. ICRP recommends the use of
a Linear-non-threshold model for the low dose range. Dasu et al.
[17], after comparing different risk models, also mentioned that a
linear model could be a useful simplification for the low dose range.

The total risks TRj associated with a specific irradiation were
therefore estimated as follows:

TRj ¼ n �
X

k

Rk;j ð3Þ

where the summation extends over all organs above listed and n is
the total number of fractions of the radiotherapy treatment for
which a single fraction was measured with the detector.

In case of a treatment having 2 or more series with different
MUs (e.g., a first series for PTV and another one for boost), an effec-
tive number of sessions (n0) was used, obtained from the following
equation:

n0 ¼ MUT

MUmed
ð4Þ

being MUT the number of MU of the complete treatment, and MUmed

the MU of the measured session. This is a good approximation,
given that TR mainly depends on MU (see results) whereas field size
and beam entry angles’ dependences are almost negligible [13].

All these operations have been programed in the control
software of the digital detector.
Patients

Measurements with our digital detector were carried out during
at least one session of a RT treatment on 1377 patients in 15 linac
models (different combinations of linac manufacturer and nominal
energy – ranging from 10 MV to 25 MV) in a total of 50 facilities.
Measurements were performed for a large variety of tumor sites
and techniques. However, for the sake of simplicity when present-
ing the results, pathologies were grouped into the following catego-
ries: breast, lung, prostate, pelvic region and head and neck. The
pelvic category includes pathologies such as those of the rectum,
the urinary bladder, and the gynecological region [18]. Prostate
treatments were considered as a separate category given their par-
ticular relevance. In order to use our model for neutron dose estima-
tion, breast, lung, prostate, and pelvic categories were considered as
abdomen treatment types [13]. Table 1 describes the patient distri-
bution among treatment categories and linac models.
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236 Estimation of second cancers in 1377 patients
Results

For each patient, neutron equivalent doses in the selected or-
gans were estimated. This whole data set was analyzed grouping
the data by treatment category. Fig. 1 shows, as an example, the
average neutron equivalent doses in organs of prostate cancer pa-
tients, for the 15 different linac models. Similar plots were ob-
tained for the other treatment categories.

Our results show that, in organs closer to the central axis, the
neutron equivalent dose is higher. For example, we assume that
the liver in our model [13] is located at approximately 10 cm
and 60 cm from the central axis for abdomen and head and neck
treatments, respectively. Average neutron equivalent doses in li-
ver were 5.29 lSv/MU and 1.94 lSv/MU during prostate and head
treatments in an 18 MV Varian Clinac, respectively. That is, a fac-
tor of 2.7. On the basis of the paper by Kry et al. [19], this factor
can be estimated at 1.3 for the same linac. When the same exer-
cise was repeated for the Elekta Synergy 15 MV, doses to the liver
resulted in 0.15 lSv/MU and 0.44 lSv/MU (a factor of 2.9). Equiv-
alent doses per MU have been considered instead of absolute dose
values to eliminate the effect of higher prescription doses (and
consistently of MU) for prostate, compared to head treatments.
For both treatments, liver doses per MU escalate by a factor of
12 from Elekta to Varian machines.

Table 2 shows the mean value (together with the maximum
and minimum) of the neutron equivalent doses in all organs for
the 15 different linac models and the 5 treatment categories. Dif-
ferences among equivalent doses in organs (see Fig. 1 for prostate
treatments) explain the wide dose range reported. For the same
linac model, differences between treatment categories are mainly
due to differences in prescription dose, treatment technique (with
different efficiency in the number of MUs) and proportion of high
energy beams used.

By applying Eqs. (2) and (3), TR values were calculated for the
whole patient cohort. Fig. 2 shows the total neutron risk averaged
out for the patients irradiated in each of the 15 linac models,
grouped into the 5 treatment categories under study. In general,
prostate treatments lead to the highest TR values, being the worst
case treatments carried out with the 23 MV Siemens Mevatron li-
nac, for which approximately 7% of treated patients would devel-
op a second cancer, according to our estimates. This value
decreases to approximately 3% for the 15 MV and 18 MV Varian
Clinac linac models. For most treatment categories and linac mod-
els, the estimations for TR are around 1–2%.

The insert in Fig. 2 shows TR averaged values for prostate can-
cer patients irradiated in 15 MV Siemens Primus linacs, for differ-
ent treatment techniques (3DCRT as well as forward2 and inverse
IMRT). This plot focuses on the impact of the RT technique, for a
fixed treatment site and linac model. It can be observed that, in
the case of the most demanding MU technique (inverse IMRT),
the TR can increase up to 4 times, when compared to 3DCRT. For-
ward IMRT represents an intermediate case. Effectively, the average
number of MU for the inverse IMRT treatment plotted in the insert
is 31,554 vs. 9333 for the 3DCRT (factor of 3.4). This is mainly due to
the ‘‘less efficient’’ use of the beam-on time for inverse planning
IMRT, but also due to the dose escalation usually associated with
IMRT protocols.

The neutron dose dependence on MUs was explicitly analyzed.
The results showed that the equivalent dose in organs increased
linearly with MUs of high energy beams (i.e., above 10 MV), with
different slopes for the various linac models. Fig. 3 depicts this lin-
ear behavior for the neutron equivalent doses in the liver for pros-
2 Forward IMRT can be used for step and shoot techniques allowing a better control
n the number of beam segments and MU (i.e., providing a more efficient use of
o
them).



Fig. 1. Average neutron equivalent doses in each organ, for the different linac models, in prostate cancer treatments. Mean values and standard deviations (error bars) are
displayed. ⁄No patients available for this linac model.

M.R. Expósito et al. / Radiotherapy and Oncology 107 (2013) 234–241 237
tate cancer patients irradiated with the same energy (18 MV) but
with three different linac models.

Owing to the use of a linear model for risk estimates, TR main-
tains such linearity (see Eqs. (2) and (3)). However, patient measure-
ments were made for a large variety of real treatments (different
from the standard treatments used for model development) and
in very different bunker geometries, and both factors generate
dispersion in the TR value predicted (error bars in Fig. 1). Therefore,
a linear regression analysis was carried out to measure the strength
of the association between TR and MU. A regression line was drawn
for each linac model. The regression coefficients of the regression
lines obtained for each linac model are presented in Table 2. The
high values of the correlation coefficients reflect the high strength
of the association between TR and MU.
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Discussion

In [13], a comprehensive study on neutron equivalent doses in
organs of a standard man was carried out. Dependences on linac
manufacturer, treatment energy, field sizes, beam entry angles,
treatment location and bunker size were analyzed. Taking into
consideration these factors, it was estimated that neutron equiva-
lent doses in organs of a Norma-like standard man could be calcu-
lated with an uncertainty of ±30%.

However, there are other sources of uncertainties that must be
considered. As mentioned in Sánchez-Doblado et al. [13], the selec-
tion of the points in NORMA representing each organ was made
using the organ sizes and positions from the revised version of the
Cristy anthropomorphic phantom (available at http://ordose.ornl.-
gov/resources/phantom). First, we represented the location of the
organ centroid (specified by Cristy) inside our NORMA patient and
we selected the closest detector locations taking into account the
organ volume. This implies that, at least, we considered somehow
the expected differences among the different subvolumes of an or-
gan. This approach, consisting in defining a whole volume through
only a few selected points, has some limitations. However, we be-
lieve that the complexity of experimental neutron dose evaluation
amply justifies it.

Other factors which have not been included in our model yet
are patient height and girth [19]. Therefore, our model was
intended to estimate the neutron equivalent dose in organs of a
‘‘standard man/women’’. Some research is being conducted in or-
der to investigate these patient size dependences. Neutron spectra
resulting from whole real treatments, at 16 points in anthropomor-
phic phantoms representing an adult and two children (aged 10
and 5), have already been computed with MC [20]. Additionally,
thermal neutron fluences have been measured in the same anthro-
pomorphic phantoms using TLDs [21]. Our results show that, ex-
cept for some points which are away from the isocenter (i.e.,
abdomen for head treatment and head for abdomen treatments),
the neutron spectra resulting from the whole treatment (i.e., multi-
ple incidences) almost matched up. Regarding thermal fluences,
higher values have been found for the smaller phantoms as a con-
sequence of less neutron attenuation, a finding that agrees with the
results on neutron percent depth-dose equivalent from Kry et al.
[19]. In order not to underestimate the dose applied to children,
specific gn

k;j values should be determined. When reporting neutron
equivalent dose in an organ (for the patients included in the study,
the average values), for a specific treatment category and linac
model, another source of heterogeneity appears (error bars in
Fig. 1). This is mainly due to the fact that patients were treated
in different institutions with treatments mainly differing in pre-
scription dose and technique. Also, differences in the treatment
plan design from center to center, which can combine high and
low energies, contribute to differences in doses. For example, a dif-
ferent ratio of high to low energies increases the mentioned heter-
ogeneity and can also explain the somehow surprising results, such
as finding lower neutron doses for 18 MV Siemens linacs than for
15 MV Siemens linacs (e.g., see head and neck values in Table 2
for the 15 MV and 18 MV Siemens Primus).

Making a comparison with the neutron doses measured or sim-
ulated in other works is not an easy task because of the differences
among methodologies for dose estimation (with their own associ-
ated uncertainties) and also because, in general, the reported val-
ues refer to very specific conditions (linac, energy, treatment site,
etc.), whereas our results are representative of a pool of linac mod-
els, treatment sites, and techniques. Fig. 4 depicts neutron equiva-
lent doses in a set of common organs during prostate irradiation,
reported in different studies [9–11]. Bearing in mind the complex-
ity of neutron dosimetry, where high uncertainties are expected
(and acceptable), results are, at least, congruent.

http://www.ordose.ornl.gov/resources/phantom
http://www.ordose.ornl.gov/resources/phantom


Fig. 2. Average of total risk values estimated for the patients grouped under each treatment category and treated with a specific linac model. The insert shows, for the 15 MV
Siemens Primus linac model, the average total neutron risk split into 3 different prostate treatment strategies (3D-CRT and forward and inverse IMRT).

Fig. 3. Neutron equivalent doses in the liver versus MU, estimated for prostate cancer patients irradiated with 18 MV for three linac models (one for each manufacturer). For
the sake of clarity, only patients from a single institution were chosen for each linac model. The higher dose increase per MU, for the Varian Clinac with respect to the other
two specific models, is representative of what has been observed between the three manufacturers (see risk estimations for each model in Table 2). The insert represents
neutron dose to liver for all 101 prostate cancer patients from this study irradiated with Siemens Primus machines operating at 18 MV. It can be seen that inter-institution
differences do not affect the linear behavior.
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The mean value of the TR for the 1377 patients is 1.2%, 1.6% if
exclusively high energy patients are considered, and 0.6% for treat-
ments combining high and 6 MV energy beams. Although those
risks seem small in general, their relevance is large because of
the great amount of patients treated every year. Vano [22] esti-
mated a value of 5.1 million courses of RT treatment administered
annually between 1997 and 2007. According to our most favorable
risk estimation (0.6% incidence risk) and assuming that about a
third was treated with high energy [23], 10,200 patients might de-
velop a second cancer every year.

Our estimations correspond to second cancer risk due to neu-
trons, expressed as a function of the MU of high energy beams.
In order to test whether or not our estimations provide reasonable
figures, a comparison between our total second cancer risk, due
exclusively to neutron irradiation, and the results from epidemiol-
ogic studies should be carried out. However, it is obvious that those
studies cannot distinguish between the second cancers attribut-
able to neutrons and the ones caused by photons. In Bartkowiak
et al. [24], an incidence rate of �4% (493 cases in a population of
12,000 patients) was estimated for second cancers due to periphe-
ral doses. An attributable risk of 8% has been published by Berring-
ton et al. [25] for their radiotherapy patients (i.e., P1 year
survivors). The application of our methodology to 1377 patients,
all of them treated with high energy beams, provided a mean value



Fig. 4. Neutron equivalent dose per MU in a set of common organs for prostate
treatments in an 18 MV Varian Clinac. Results from other works were obtained
experimentally [10] and by MC simulation [9], [11].
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of 1.2% for the total risk due to neutrons. The same value can be ob-
tained from Table 2 for the average value of high energy MU of the
1377 patients. These figures are consistent, as our risks only take
into account the neutron irradiation.

In order to analyze the reason for the highest risk value, ob-
served for the prostate treatments with the Siemens Mevatron
23 MV, we compared it with the one obtained for the same type
of treatment with the Varian Clinac 18 MV. A factor of 2.2 was
found. This can be explained by the higher number of MU
(14,695 for the Siemens Mevatron 23 MV vs. 6805 for the Varian
Clinac 18 MV, exactly a factor of 2.2).

Additionally, it can be noticed that for the same treatment site
and linac manufacturer, TR still shows variability as a consequence
of the different treatment techniques used for those patients as
shown in insert in Fig. 2. The average 1% TR estimated for prostate
treatments carried out in the Siemens Primus 15 MV splits in 3 dif-
ferent values depending on the treatment technique (i.e., which af-
fects the number of MU). Therefore, a note of caution should be put
upon the statement that prostate treatments delivered with a cer-
tain machine have a certain level of associated risk, as TR will nec-
essarily increase if the proportion of more demanding MU
techniques increases.

Our comprehensive set of measurements allowed us to quan-
tify the magnitude of that increase. In particular, a linear associ-
ation was found, with different slopes depending on the linac
model. For a fixed energy, the slope depends on the linac man-
ufacturer (the higher the slope, the higher the impact of MU on
the peripheral neutron dose is). It is worth emphasizing that this
is true regardless of the number of beams, beam entry angles
and field sizes, indicating that the neutron production is mainly
dependent on the beam-on time and linac model (manufacturer
and energy). It is therefore recommendable to estimate and re-
cord the total risk values as a function of the number of MUs
for each linac model as reported in Table 2.

For a given nominal energy, risk depends strongly on linac man-
ufacturer. Varian linacs lead to higher risk than Siemens linacs, in
agreement with results from other works [26–28], while Siemens
Oncor linacs produce smaller risk than previous models like
Primus.

It is worth noticing that values reported in Table 2 can be used
to estimate the overall TR value which should be expected for a pa-
tient population irradiated with the specific linac model, as a func-
tion of the MU used for treatment delivery, regardless of treatment
site and technique. The latter is, nevertheless, a very good approx-
imation as the regression coefficients were very high, reflecting
that MU and linac model are, by far, the most important parame-
ters determining the TR associated with neutron contamination.
Only the Varian Clinac 18 MV regression model does not fit so well
our set of data (R2 = 0.78). A deeper insight into the data seemed to
suggest that, from the point of view of neutron production, there
are two ‘‘different’’ Varian Clinacs which do not follow any Varian
classification for the Clinac 2100C family. Further research to clar-
ify this issue is being conducted.

The methodology used for the results presented in this work is
based on a comprehensive set of experiments and simulations
which take into account all the possible parameters that could
influence neutron production and neutron dose deposition in or-
gans. In spite of the complexity of the problem, the procedure
has proved to be simple and universal. During the process of mea-
suring neutron doses for the 1377 patients, the system never
caused any interference with the patient treatments or any trouble
to staff. Therefore, it has been tested for clinical applicability with a
complete success.

These experimental models are currently being tested on a dif-
ferent patient group by comparing the differences between the
predictions and the actual TR estimation calculated after the mea-
surements with the digital detector.
Conclusions

To our knowledge, this is the first time that, in a direct and sys-
tematic way based on a novel neutron digital detector designed by
our group, an estimation of second cancer induction due to neutron
contamination has been carried out on such a large group of pa-
tients undergoing radiotherapy.

The neutron equivalent dose in organs, estimated for 1377 pa-
tients, depends on distance from the organ to the irradiated vol-
ume, machine manufacturer, nominal photon energy and number
of MUs (which basically depends on prescription dose and effi-
ciency of the treatment technique to deliver the required dose).
Maximum values above 200 mSv for the lung and skin have been
estimated for prostate treatments in a machine operating at
23 MV, whereas only a few mSv were calculated for 10 MV or even
15 MV machines in other organs. The highest neutron dose, and
consequently the total risk of developing a second cancer, corre-
sponds to prostate treatments with irradiations of 15 and 18 MV.

Neutron equivalent dose in organs showed a linear dependency
with the beam-on time which is reflected in the total risk estima-
tions. The rate at which TR increases with MU mainly depends on
the linac model. According to these results, and in order to allow an
overall estimation of TR for any number of MU for the 15 linac
models, reference TR values per 1000 MU have been proposed.
The latter should be used as extra information for taking clinical
decisions regarding treatment strategy choice during treatment
planning.
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