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Are IMRT treatments in the head and neck region increasing the risk

of secondary cancers?
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I Medical Radiation Physics, Department of Physics, Stockholm University, Stockholm, Sweden,
2Department of Radiation Physics and Department of Medical and Health Sciences, Linkoping University,
Linkoping, Sweden and 3Department of Medical Physics, Karolinska University Hospital, Stockholm, Sweden

ABSTRACT B

Background. Intensity-modulated radiation therapy (IMRT) has been increasingly employed for treating head and neck
(H&N) tumours due to its ability to produce isodoses suitable for the complex anatomy of the region. The aim of this
study was to assess possible differences between IMRT and conformal radiation therapy (CRT) with regard to risk of
radiation-induced secondary malignancies for H&N tumours.

Material and methods. IMRT and CRT plans were made for 10 H&N adult patients and the resulting treatment
planning data were used to calculate the risk of radiation-induced malignancies in four different tissues. Three risk
models with biologically relevant parameters were used for calculations. The influence of scatter radiation and repeated
imaging sessions has also been investigated.

Results. The results showed that the total lifetime risks of developing radiation-induced secondary malignancies from
the two treatment techniques, CRT and IMRT, were comparable and in the interval 0.9-2.5%. The risk contributions
from the primary beam and scatter radiation were comparable, whereas the contribution from repeated diagnostic
imaging was considerably smaller.

Conclusion. The results indicated that the redistribution of the dose characteristic to IMRT leads to a redistribution of
the risks in individual tissues. However, the total levels of risk were similar between the two irradiation techniques

considered.

The use of intensity-modulated radiation therapy
(IMRT) for head and neck (H&N) tumours has
greatly increased in recent years as it has the poten-
tial to deliver complex dose distributions suitable for
avoiding critical structures close to the target. How-
ever, concerns were raised from the point of view of
the associated risks for second cancer from IMRT in
comparison to three-dimensional (3D) conformal
radiation therapy (CRT) [1-3]. Indeed, IMRT uses
more treatment fields to modulate the fluence and
this leads to a larger spread of the entrance dose
and to a reduction of the volume of highly irradiated
tissue. Furthermore, IMRT also requires an increased
number of monitor units (MU) and therefore longer
irradiation times, raising concerns about the increase
in dose from head leakage and collimator scatter [3].

Epidemiological studies have shown that conven-
tional radiation therapy is associated with a small but

significant risk for radiation-induced second malig-
nancies [4-7]. Results are not yet available for cur-
rent techniques like IMRT due to the long latency
of carcinogenesis. However, the impact of several of
the aspects under consideration for IMRT has been
explored in theoretical studies and their results
illustrate the complexity of the risk problem for
advanced treatment methods [1,8—12]. Nevertheless,
other aspects characteristic to modern treatment
methods, like the use of image guidance during
treatment should be considered in the analysis of the
risk. The analysis would have to simultaneously
account for as many dose contributors as possible,
as the dose response curve for risk is most likely
non-linear at high doses [2,13].

Therefore, the aim of this study was to investigate
the potential differences in the risk of radiation-
induced second malignancies from IMRT in
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comparison with CRT for the treatment of H&N
tumours, including the effects of dose redistribution,
the impact of scatter radiation and frequent imaging
for target verification during the treatment. The
robustness of the findings was also explored by
employing three theoretical risk models with differ-
ent dose-risk relationships.

Material and methods
Parient data and treatment planning

Risk assessments were carried out for 10 adult
patients with H&N tumours located in either the
base of the tongue, the hypopharynx or the tonsils.
For each patient two plans were created, an IMRT
plan using a sliding-window technique with 6 MV
photons and a clinically equivalent CRT plan accord-
ing to the routine clinical practice at the time of their
treatment. The treatment plans were calculated with
the Analytical Anisotropic Algorithm (AAA) on an
Eclipse treatment planning system (Varian, Palo Alto,
CA, USA). The prescribed dose to the tumour was
68 Gy delivered in 2 Gy daily fractions. A margin of
3-5 mm between the clinical target volume (CTV)
and the planning target volume (PTV) was applied
in accordance with standard protocol at the home
institution. Dose-volume histograms (DVH) from all
20 treatment plans (10 patients with both an IMRT
and a CRT treatment plan) were used for risk esti-
mations. IMRT treatments employed more fields for
all patients and consequently an overall increase in
MUs with an average of 875 MUs for IMRT in
comparison to 250 MUs for CRT (Supplementary
Table I, available online at http://informahealthcare.
com/doi/abs/10.3109/0284186X.2014.925581).

Four tissues of interest were included in the cal-
culations: parotid glands, oesophagus, lungs and the
remaining tissues (denoted “body” henceforth). The
body was defined as all non-delineated tissues
included in the CT data for each patient, i.e. PTV
and the organs at risk (OAR) were excluded. The
tissues were chosen based on their high radiosensitiv-
ity [14], large volumes, or location relative to the
primary treatment beam.

Dose contribution and risk assessment

Risk calculations were performed on all 20 treatment
plans taking three dose contributors into account:
primary treatment radiation, secondary radiation
from treatment head scatter and internal scatter, and
imaging radiation from repeated cone-beam com-
puted tomography (CBCT) sessions.

The radiation burden to the parotid glands,
oesophagus and the body from the primary treatment

beam was quantified through DVH calculations
using the acquired treatment planning data from the
corresponding IMRT and CRT treatment plans.

The dose contribution to the lungs from second-
ary scattered radiation was estimated through mea-
surements using thermo-luminescence-dosimeters
(TLDs) placed in an anthropomorphic phantom
(CIRS ATOM adult female phantom model #702-
004). The detectors were placed in two or four dif-
ferent regions in four different planes of the lungs,
where the distance of the detectors relative to the
caudal border of the PTV ranged from approximately
—1 cm to +15 cm (Table I). The phantom was
irradiated with a standard IMRT treatment plan
and subsequently (after read-out) with a standard
CRT treatment plan. This allowed the derivation of
representative doses per MU for each treatment
technique which were then used to calculate an esti-
mate of the total contribution from secondary scat-
tered dose to the lungs for all patients, for all number
of fractions (34) and the average number of MUs
per fraction. As this measurement methodology
does not discriminate between head scatter and
internal patient scatter, the result corresponds to
total dose contribution to the lungs from scattered
radiation.

The CBCT-associated dose burden for setup
verification was calculated using results of a study
[15] reporting doses relevant for the same system in
use at the home institution at the time of the study,
a Varian OBI 1.4 system. Thus, the estimated doses
per CBCT scan were 1.5 mGy to the oesophagus,
4.8 mGy to the body, 5.1 mGy and 6.3 mGy to the
left and right parotid gland, respectively. The CBCT
imaging was assumed to be performed once every
week during the radiation therapy treatment, but the
influence of more frequent imaging on the total risk
was also investigated as it is believed that it will have
a relevant impact on the dose for other treatment
sites [16].

The dose contribution from CBCT imaging was
added to the treatment DVHs to account for the
total radiation burden of the tissues of interest before

Table I. Doses from TLLD measurements in an anthropomorphic
phantom. Doses per MU are presented per fraction, average total
doses and the corresponding ratios correspond to doses per MU
per fraction multiplied with 34 fractions and the mean number of
MUs employed for each treatment technique.

Distance from Dose per Av. Tot. Dose
PTV (cm) MU (mGy) (Gy) Av. Tot..Dose
Ratio
IMRT CRT IMRT CRT IMRT CRT IMRT/CRT)
—-1.2 —0.7 1.72  7.61 51.2 64.6 0.8
4.1 4.6 0.05 0.19 1.5 1.6 1.0
9.2 9.7 0.03 0.08 0.8 0.6 1.2
14.5 15.0 0.02 0.05 0.6 0.4 1.6




the calculation of the risk. The lungs were not fully
included in the patient CT planning data or in the
CBCT field. Therefore the DVH data from the treat-
ment planning system and the dose contribution
from the CBCT were not included in the calculation
of the risk to the lungs. Thus, the risk to the parotid
glands, oesophagus and body from the primary beam
and CBCT imaging was estimated using DVHs, and
the risk to the lungs was estimated through calcula-
tions using the dose distribution in the lungs obtained
through TLD-measurements at different distances
from the PTV specified in Table 1.

Risk models and parameters

Two bell-shaped models and one plateau-shaped
model were used for calculations. The competition
model predicts a bell-shaped dependence and is
based on the assumption of a competition between
the induction of carcinogenic mutations and cell kill
taking into account fractionation effects [2]. The
linear-exponential (lin-exp) model is similar to the
competition model, but neglects fractionation effects
[17]. The plateau model describes the induction of
mutations in a population of precancerous cells lead-
ing to a saturation of the risk for higher doses as a
result of the balance between malignant cell creation
and mutated cell kill [18]. It should be noted that
Schneider [19] showed that the plateau model could
also lead to a bell-shaped dependence if the number
of precancerous cells is affected by cell kill. The
details of the models are given in the supplementary
material of this article.

The risk to the lungs from secondary scattered
dose was estimated using the average doses to each
plane of the lungs presented in Table 1. The risk was
calculated for each plane of the lungs separately
using the three risk models and then weighted for
each corresponding risk model. The risk to the
parotid glands, oesophagus and the body from het-
erogeneous irradiations has been calculated as the
weighted average of the partial risks throughout the
volume (Equation 1) as proposed by Dasu et al. [2].
Y. Risk(D;) XV, o

Y
where Risk(D),) is the calculated risk for a volume of
the irradiated tissue V; receiving dose D..

The parameters for the risk models used in the
study were derived from radiation protection recom-
mendations and from epidemiological data as detailed
in the supplementary material. Variations in organ
sizes between individuals were accounted for by the
use of a volumetric factor which assumes that the risk
of radiation-induced cancer is related to the number
of mutated cells which in turn is proportional to the

Total risk =
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volume of the irradiated tissue. This assumption takes
into account interpatient variations in the size of the
tissue cell populations irradiated [20,21] and is the
same principle as behind Equation 1, namely that a
larger tissue volume irradiated to a dose linked to a
certain risk has a larger weight towards the total risk.

All non-radiation associated risk factors were
excluded in this study, and the term “risk” will
henceforth refer to the total lifetime radiation attrib-
utable risk of secondary cancer induction.

Results
Risk from primary treatment radiation

IMRT was found to expose larger volumes of the
body to intermediate dose levels where the plateau
model predicted high risks whereas in the same dose
interval the bell-shaped models predicted a smaller
risk as illustrated by Figure 1. This was, however,
only one part of the comparison of the risk from
IMRT and CRT and the average total risk of devel-
oping secondary malignancies in the body from
IMRT was comparable to the corresponding risk
from CRT according to all risk models as shown by
the results in Figure 2. The corresponding risk in the
oesophagus was higher for CRT according to the
bell-shaped models, but comparable according to the
plateau model. This difference originated from the
average increase in absorbed dose to oesophagus
(17.8 Gy for IMRT vs. 12.0 Gy for CRT) and its
impact on the bell-shaped and the plateau risk mod-
els. Seven patients showed an identical relationship
between IMRT and CRT with the one illustrated in
Figure 2, while three showed a small increase for
CRT over IMRT with the plateau model. The aver-
age differences between IMRT and CRT in risk to
individual tissues for all patients were: 0.02%, 0.10%
and 0.02% for the competition model; 0.03%,0.01%,
and 0.00% for the plateau model; 0.02%, 0.11% and
0.02% for the lin-exp model, for the body, oesopha-
gus and parotid glands, respectively. The spread in
risk to different tissues between patients indicated
that the redistribution of dose (and consequently the
risk) to the OARs associated with IMRT and CRT
tends to cancel out giving similar results of the total
risk for each risk model. No correlation between dif-
ferences in calculated risks and different primary
tumour sites could be seen, but the size of the inves-
tigated population was quite small to allow a more
detailed analysis.

Risk from head- and internal scatter radiation

The doses per MU to the different lung planes in the
anthropomorphic phantom are presented in Table I
together with the average total dose contribution
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Figure 1. Differential DVH of the body for a typical H&N patient
calculated for IMRT and CRT together with the dose dependence
of the risk models included in the study.

(multiplied with 34 fractions and the average number
of MUs per fraction for each technique). The TLD
measurements showed that CRT delivered on aver-
age 3.3 times more in dose per MU compared to
IMRT, consequently cancelling out the correspond-
ing increase in average MUs employed in IMRT. It
can also be seen that the relative dose contribution
from IMRT was smaller inside the PTV and increased
with increasing distance to the target.

Risk from CBCT imaging

The doses from the weekly CBCT examinations
were relatively small causing little effect on the DVHs
in comparison to the treatment-associated radiation
burden. This led to the predicted total risk account-
ing for the imaging dose being only slightly higher
than the risk neglecting this contribution for all
risk models (Table II). Furthermore, even when
assuming daily CBCT imaging the risk contribution
was still considerably smaller than the risk from
the primary treatment beam. Thus, the influence of
positioning imaging on the total risk was deemed
almost negligible in comparison to the treatment-
associated risk.

Total risk from treatment, scatter and CBCT imaging

The predicted average total risk from IMRT or CRT
treatment, scattered radiation to the lungs and weekly
CBCT imaging was in the interval of 0.9-2.5%
depending on the risk model, as shown by the results
in Table II. The differences in total risk between
treatment techniques were small according to all
risk models indicating that no significant change in
incidence of radiation-induced tumours should
be expected for H&N patients treated with 6 MV
photons using CRT or IMRT.

[ Right parotid gland
1.2 IMRT [ Left parotid gland

CRT [N Esophagus
I Body

0.8

0.6

Absolute risk (%)

0.4

0.2

0
Competition model Plateau model

Lin—exp model

Figure 2. Average lifetime risk of developing secondary cancers
from the dose burden of the primary radiation beam from IMRT
and CRT. Each segment in the bars corresponds to the average
calculated risk for all patients in the respective tissue.

Discussion

Several theoretical studies have investigated the
impact of IMRT and other modern radiation treat-
ment techniques on the risk for secondary cancers in
long-term survivors taking into account many of the
factors that could influence it [1,8—-12,22-24]. Some
of these studies focused on the shift from higher to
lower dose levels in the normal tissues surrounding
the target. When taking only this change into account,
significant differences in the risks from the two treat-
ment techniques are indeed expected irrespective of
the model used. However, due to the complex anat-
omy in the H&N region, the shift from low to inter-
mediate dose levels was found to be equally important,
as shown by our analysis, and tends to cancel out the

e CRT-IMRT DVH
Competition model
osH ~n.-- - - - - —-——-——- — — — Plateau model
’ — - — Lin-exp model
§ —_
o 06 3
8 <
g K
£ 04 05 @
° =]
2 2
Eel
>
5 02 <
>
0
-0.2 0

1.0 2.0 30 4.0 5.0 6.0 7.0
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Figure 3. DVH difference for the body between IMRT and CRT

for a typical H&N patient. As indicated by the arrows, IMRT shifts

the dose from volumes receiving both high and low dose levels to

intermediate dose levels where the plateau model predicts higher
risks.
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Table II. Average lifetime risk contributions from IMRT and CRT treatments (RT), scatter to the lungs, and

cone-beam CT imaging.

Competition model

Plateau model Lin-exp model

Risk IMRT CRT IMRT CRT IMRT CRT
RT without imaging 0.49% 0.61% 1.13% 1.11% 0.51% 0.64%
RT + weekly imaging 0.50% 0.62% 1.14% 1.12% 0.52% 0.65%
RT + daily imaging 0.53% 0.65% 1.17% 1.15% 0.55% 0.68%
Scatter radiation 0.58% 0.51% 0.99% 0.93% 0.58% 0.51%
Total? 1.08% 1.14% 2.13% 2.05% 1.10% 1.16%
Spread of total risk values 0.91-1.29% 0.91-1.48% 1.82-2.51% 1.72-2.43% 0.92-1.30% 0.93-1.50%

3Sum of RT with weekly imaging and scatter radiation.

former effect, leading to similar risk estimations for
both techniques. This is illustrated by the results in
Figure 3 showing the differential DVH of the body
from a typical IMRT treatment subtracted from the
corresponding differential DVH from a CRT treat-
ment. As indicated by the arrows in the figure, IMRT
implies a shift to intermediate dose levels both from
high and low doses. Indeed, CRT is generally char-
acterised by an “on-off” irradiation of the tissues
around the target where the volumes in the path of
the beam receive rather high doses, whilst others
receive very small doses. This situation changes for
IMRT where the volumes irradiated to high and low
doses with CRT are redistributed to volumes receiv-
ing intermediately low doses. Thus, IMRT not only
reduces high dose volumes, but also increases the
intermediate dose volumes and this is an aspect that
was not usually taken into account when evaluating
the implications of IMRT. This trend was observed
for all patients included in the present study, indicat-
ing that it might have an impact for the majority of
the H&N patients receiving radiation therapy. It
therefore appears that the irradiation technique used
has less impact on the risk than the margins between
the CTV and the PTV which were shown to have
a direct impact onto the dose level in the healthy
tissues surrounding the tumours [25].

The results also showed that both the plateau
model and the bell-shaped models, predict similar
risks for the body from IMRT and CRT. The expla-
nation for this rather non-intuitive difference can also
be found in Figure 3. Thus, the expected increase in
risk for CRT in the high dose region where the pla-
teau model predicts its maximum risk was balanced
out by the contribution from the intermediate dose
region where IMRT exposes a larger portion of the
volume and the plateau model also predicted a
large risk.

The impact of interpatient anatomical variations
was investigated by comparing the predicted risks in
Table II with those calculated when the volumetric
factor was assumed equal to 1. Differences in the
absolute risk levels were seen for some individual

patients, but the relative relationships between the
risks from IMRT and CRT as well as the average
population risks were generally the same. Thus, the
results of this study can be considered valid if inter-
patient variations are neglected and the volumetric
factor is excluded from calculations.

Another important finding of this study was
the dependence of the relative contribution of the
scattered radiation with irradiation technique. Thus,
when assuming the same relative contribution of the
scattered radiation in all irradiation techniques, the
increase in MUs associated with IMRT would also
lead to an increase of the risk associated with this
treatment technique. Indeed, IMRT employed on
average 3.5 times more MUs than CRT. However,
our results in Table I showed that CRT delivered an
average increase in dose per MU with a factor of 3.3.
Thus, the expected increase in dose from the more
MUs employed in IMRT was cancelled out leading
to similar dose contributions from scattered radia-
tion for both treatment techniques. The difference in
dose per MU between IMRT and CRT implies that
assuming a single linear relationship between the
absorbed dose to the patient (and implicitly the risk
of developing secondary cancer for low doses) and
the number of MUs required by the treatment could
lead to erroneous results and should be avoided.

Furthermore, the results in Table I showed that
the dose contribution from IMRT was lower com-
pared to CRT close to the PTV and increased with
increasing distance from the PTV. This could be
explained by a larger influence of internal patient
scatter close to the PTV which is more field-size
dependent and hence favouring the smaller fields
used in sliding window IMRT. Nevertheless, when
excluding the doses from the first plane (inside the
PTV) in the risk calculations, the risks were still
comparable (0.72-0.78% for IMRT vs. 0.64—0.69%
for CRT). The results indicate that the burden to the
lungs from scattered radiation does not significantly
increase for IMRT treatments of H&N patients.
Similar findings have been reported in other studies
employing more sophisticated measurements. Thus,
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Vanhavere et al. [26] found that the dose contribu-
tion for 6 MV photons close to the primary field was
lower for IMRT and increased only at larger dis-
tances. Also, Josteen et al. [27] reported that for
breast cancer treatment the dose contribution to
regions outside the primary beam was lower for
IMRT in comparison to CRT.

The verification of tumour position and anatomy
during treatment is essential for radiation therapy
patients and requires additional irradiation that
increases the radiation burden. The findings of this
study showed that the dose from CBCT imaging
leads only to a small relative increase of the risk that
is anyhow quite low. Extrapolating these findings
should however be pursued with caution, as imaging
doses vary considerably depending on the equipment
used [15,28] and therefore individual assessments
have to be performed in each situation.

One of the important findings of this study was
that there is no significant difference in risk between
CRT and IMRT for radiation therapy treatment in
the H&N region using 6 MV photons. The prediction
of total risk for secondary cancer from modern radio-
therapy techniques found in this study was between
0.9% and 2.5% depending on the risk model used.
It is, however, important to acknowledge the rather
large uncertainties associated with the risk models
and parameters used in this study which might affect
the absolute risk values listed above. Also, not all
relevant tissues included in the CT data were indi-
vidually delineated and used for risk estimations (e.g.
the thyroid was excluded due to the uncertainties
associated with its proper delineation for the patient
group included in the study). Furthermore, a large
part of the body (and for some patients a small por-
tion of the oesophagus) receiving low doses was not
included in the available CT data set and therefore
a potential overestimation of risk in these tissues
originating from Equation 1 cannot be excluded.
However, these uncertainties have to be considered
in the light of the primary aim of the study which
was to compare the relative differences between
IMRT and CRT. In this respect, the impact of model
parameters uncertainties and the inclusion of further
individual structures is decreased, and the important
conclusion is that the risks were comparable between
the two treatment techniques investigated.

The findings of the present study are comparable
with the carcinogenesis risk levels from radiotherapy
identified in epidemiological studies of wvarious
tumour sites [4-7] and to other theoretical risk esti-
mations. Thus, Steneker et al. [29] estimated a
10-year risk of 1.0% for secondary tumour incidence
after an H&N treatment using IMRT with 15 MV
photons calculated with a lin-exp model. Similarly,
using one bell-shaped and one plateau-shaped model,

Ruben et al. [22] reported a carcinogenic risk of
1-2% after IMRT and CRT treatments for H&N
using 6 MV photons. The slight increase in predic-
tions in the present study could be accounted for by
the use of lifetime risk estimates and by taking into
account all the contributors to radiation burden
relevant for this form of radiotherapy. This stresses
the importance of accounting for as many dose

contributors as possible when estimating the risk
from radiotherapy. Indeed, data in Table II showed
that scatter radiation could lead to an additional
risk comparable to that from the primary radiation,
in agreement with findings of epidemiological
studies [6]. Also, for particle therapy or for radiation
therapy with photons with higher energies than used
in this study, one would have to account for the
production of neutrons and other secondaries
[9,23,24,28].

In conclusion, this study showed that IMRT leads
to a redistribution of dose in tissue volumes from
both low and high dose levels to intermediate dose
levels. This redistribution of the doses to the OARs
around the target with IMRT versus CRT has little
impact on the overall risk. Furthermore, the risk to
the lungs from scattered radiation was significant and
similar for both treatment techniques. Repeated
CBCT diagnostic imaging contributed little to the
total risk in comparison to the treatment-associated
radiation burden. Thus, the total lifetime risk from
treatment, scatter radiation, and CBCT imaging was
in the order of 0.9-2.5% for both IMRT and CRT.
These relatively low levels of absolute lifetime risks
support the use of IMRT radiation therapy with low
energy photons as a viable treatment modality for
inoperable or advanced H&N tumours.
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