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Radiation therapy has been evolving with technological
advances in accelerator, computer, and imaging. As the plan-
ning target volumes (PTVs) are made increasingly conformal
with the advent of three-dimensional conformal therapy (3D
CRT) and intensity-modulated radiation therapy (IMRT), the
requirements of precise PTVs localization and its dosimetric
coverage for each treatment become more stringent. In 3D
CRT, based on 3D anatomic information, treatment planning
is designed to deliver dose distribution that conforms as
closely as possible to the target volume and minimizes
the dose to the critical organs. The advantage of IMRT
is to treat a patient from a number of beams of different
directions (or continuous arcs) with nonuniform fluences,
which have been optimized to deliver a high dose to the
target volume and an acceptable low dose to the surrounding
normal tissue. The treatment planning program divides each
beam into a large number of beamlets and determines their
optimumfluences.This optimization process involves inverse
treatment planning. Prediction of normal tissue complica-
tion probability (NTCP) after external beam radiotherapy
(EBRT) is an important issue in the optimization of a treat-
ment plan and should be considered because during EBRT

a considerable volume of normal tissues receives radiation
dose along with the tumor. Normal tissue complication prob-
ability (NTCP), in a normal tissue, is a function of delivered
dose and irradiated volume of the normal tissue. Image-
guided radiation therapy (IGRT) procedures employ imaging
technology to help patient setup and target localization before
and during treatment. Difficulties and problems associated
with target localizationmay arise from inter- and intracranial
variations in patient setup and anatomy, including shapes
and volumes of treatment target and surrounding normal
tissues. Some of current IGRT image guidance technologies
include portal (MV) and radiographic (kV) imagers, in-room
CT scanner, kV cone-beam CT, MV cone-beam CT, helical
tomotherapy MVCT, and ultrasound.

Dose verification for complex treatment techniques such
as IMRT, SRS/SBRT, and brachytherapy is crucial. These
complex treatments present high dose gradient regions in
the boundaries between the target and surrounding critical
organs. Dose accuracy in these areas can be critical and
may affect treatment outcome. A dose verification phantom
designed for advanced technology in radiation therapy clini-
cal trials can serve as a tool for quality assurance program.
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Respiratory motion affects all tumor sites in the thorax
and abdomen, although the disease of most prevalence
and relevance for radiotherapy is lung cancer. Studies have
shown that lung tumors can move several centimeters in
any direction during irradiation. If respiratory motion is not
accounted for, it causes artifacts during image acquisition.
These artifacts cause distortion of the target volume and
incorrect positional and volumetric information [1, 2]. A
promising solution for obtaining high-quality CT data in
the presence of respiratory motion is 4D CT or respiration-
correlated CT (conventional and cone-beam approaches) [3].
The 4D images are reconstructed from scans acquired at each
respiratory phase of the breathing cycle. Four-dimensional
data can be analyzed to determine the mean tumor position,
tumor range of motion for treatment planning [4], and
the relation of tumor trajectory to other organs and to a
respirationmonitor. Respiratory gating involves the adminis-
tration of radiation within a particular portion of the patient’s
breathing cycle, commonly referred to as the “gate.” The
position and width of the gate within a respiratory cycle are
determined by monitoring the patient’s respiratory motion,
using either an external respiration signal or internal fiducial
markers. Since the beam is not continuously delivered, gated
procedures are longer than nongated procedures.

Most radiation therapy treatment planning systems
now incorporate three-dimensional anatomy information
attained by computed tomography (CT) images for registra-
tion. These images can be fused with magnetic resonance
imaging (MRI) or positron emission tomography (PET)
images for better delineation of the target volume. MRI is
considered superior to CT in soft-tissue discrimination such
as central nervous system tumors and abnormalities in the
brain. MRI is also used in imaging head and neck cancers,
sarcomas, the prostate gland, and lymph nodes. On the other
hand, CT imaging is more sensitive to bony structures and
calcification.

Stereotactic radiosurgery (SRS) is a single-fraction radi-
ation therapy procedure for treating intracranial lesions or a
target volume close to critical structure, using a stereotactic
apparatus and multiple small-field beams. The same proce-
dure when used for delivering hypofractionated radiation
treatment is called stereotactic radiotherapy (SRT). SRS and
SRT involve three-dimensional imaging to localize the lesion
and delivering a concentrated dose to the target volumewhile
sparing asmuch as possible the normal tissues. Two common
SRS techniques are available: linac-based X-ray knife and the
Co-60 gamma-knife. Light ion (ion species with an atomic
number less than or equal to 10) beams have also been used
for SRS and SRT [5]. Local recurrence remains a problem
in a relatively large number of patients after radiotherapy.
One emerging method for dose escalation to improve local
results is stereotactic body radiation therapy (SBRT). SBRT
refers to a stereotactic radiotherapy procedure for treating
extracranial tumors with a high doses per fraction (6 to
30Gy), with a treatment regimen of five or fewer fractions
[6–9]. SBRT procedures requiremeticulous planning, patient
immobilization, organ motion management, and state-of-
the-art image guidance techniques for target localization and
geometric verification.

This special issue is focusing on the new development
in cancer therapy, quality control, radiotherapy techniques,
radiation dosimetry, and clinical outcome studies. This spe-
cial issue included various topics which have been discussed
from researchers of the following:

(i) clinical trials and outcome research;
(ii) new technologies development and implementation;
(iii) treatment delivery techniques;
(iv) disease specific treatment discussion;
(v) radiation dosimetry analysis;
(vi) radiation protection, shielding, and design;
(vii) clinical therapy physics review and applications;
(viii) molecular imaging application in radiation therapy;
(ix) medical imaging;
(x) professional issues in medical, clinical, and biomedi-

cal physics;
(xi) radiobiology;
(xii) quality control and assurance;
(xiii) computing algorithm and optimization;
(xiv) quality of life analysis;
(xv) radiation safety.

This editorial provides comprehensive introduction to tech-
nological advancements in radiation therapy and many
important topics associated with these treatment technolo-
gies. Clinical data on these new technologies are provided by
many institutions.

Tsair-Fwu Lee
Jack Yang

Cheng-Shie Wuu
An Liu

Fu-Min Fang
Shyh-An Yeh
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During radiotherapy treatment for thoracic and abdomen cancers, for example, lung cancers, respiratory motion moves the target
tumor and thus badly affects the accuracy of radiation dose delivery into the target. A real-time image-guided technique can be
used to monitor such lung tumor motion for accurate dose delivery, but the system latency up to several hundred milliseconds for
repositioning the radiation beam also affects the accuracy. In order to compensate the latency, neural network prediction technique
with real-time retraining can be used. We have investigated real-time prediction of 3D time series of lung tumor motion on a
classical linear model, perceptron model, and on a class of higher-order neural network model that has more attractive attributes
regarding its optimization convergence and computational efficiency.The implemented static feed-forward neural architectures are
compared when using gradient descent adaptation and primarily the Levenberg-Marquardt batch algorithm as the ones of themost
common and most comprehensible learning algorithms. The proposed technique resulted in fast real-time retraining, so the total
computational time on a PC platform was equal to or even less than the real treatment time. For one-second prediction horizon,
the proposed techniques achieved accuracy less than one millimeter of 3D mean absolute error in one hundred seconds of total
treatment time.

1. Introduction

In radiation therapy, accurate and sufficient amount of dose
delivery only to the target tumor is required to not only max-
imize the therapeutic effects, but also minimize inaccurate
delivery of doses to healthy tissues surrounding the tumor.
Such accurate irradiation is, however, a nontrivial task due to
the body motion. For example, the respiratory motion com-
plicates the targeting of external radiation to tumors in lungs,
pancreas, and other thoracic and abdominal sites. The tumor
motion can be associatedwith the internalmovements caused
by respiration and cardiac cycles and also with systematic
drifts and patient’s stochasticmovements [1, 2]. Among them,
respiration is dominant and thus the respiratory motion has
been widely analyzed. In lung tumormotion, it is well known
to have amplitude between 0.5 and 2.5 cm, even some times

5 cm [3]. As a consequence, the dose distribution may be
delivered significantly different from the prescribed one and
increase the radiation toxicity dramatically [4–9]. The time
series of the lung respiration has a quasiperiodic nature and
the behavior may vary in time [2, 5, 10]. The respiration
motion becomes a complex nonstationary process; that is,
it changes amplitude and period over time. Some breathing
is highly irregular in patients whose pulmonary functions
are affected by disease [11–14]. Several methods have been
developed for the respiratory motion gated radiation therapy
or real-time tumor tracking, but their use is still questioned
[2, 10]. Three general approaches have been achieved to
predict respiration behavior [10].

In Isaksson et al. [5] it is shown that adaptive signal
processing filters can provide more accurate tumor posi-
tion estimates than stationary filters when presented with
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nonstationary breathing motion. Murphy and Dieterich
[10] analyzed linear versus nonlinear neural network filter
for predicting tumor motion when breathing behavior is
moderately to extremely irregular. In Homma et al. [15]
the authors developed a time series prediction based on a
seasonal ARIMAmodel by using the real-time compensation
of the time variant nature involved in the cyclic dynamics of
the respiration motion. Their evaluation by using a clinical
dataset showed that the proposed system can achieve a
clinically useful high accuracy and long-term prediction of
the average error 1.05 ± 0.99mm at 1-second prediction
ahead. Riaz et al. [16] proposed a linear adaptive filter with
gradient descent and support vector regression approach to
predict tumor movement up to 1 sec into the future. They
used data from 14 treatment sessions and a root mean square
error (RMSE) was used as a metric. Their support vector
regression gave them the best prediction accuracy for 400ms
and 1 sec, with RMSE less than 2mm at 1 s. In Ichiji et al. [17]
the authors proposed a tumor motion prediction using time
variant seasonal ARIMA (TVSARIMA) model; they took
attention in estimating the time variant periodical nature
of lung tumor motion. In order to obtain better prediction
accuracy, Ichiji et al. [17] combined TVSARIMA with three
more methods: unweighted average, multiple regression, and
multilayer perceptrons (MLPs) type of neural network (NN).
The authors reached the highest prediction accuracy by using
combination of TVSARIMA and MLP with 10 neurons in
a hidden layer and the mean absolute error was 0.7953 ±

0.0243mm at 0.5 s ahead and 0.8581 ± 0.0510mm for 1-
second prediction horizon. Yan et al. [7] presents an adaptive
approach to infer internal target position by external marker
positions. For both internal and external marker motions,
two networks with the same type were used. During a
simulation, a patient was immobilized and positioned as
if it were in a treatment room. The authors indicated that
their technique was capable of predicting target position for
short-term response time (less than 10ms). They achieved
prediction error 23% on average of internal target positions
based on the clinical data observed between external marker
and internalmarkermotions. InMa et al. [3] a tumor position
was detected by an electronic portal imaging device. The
methods used are adaptive filtering and nonlinear method
based on Takens theorem. The adaptive filtering algorithm
is fast whilst the strategy based on nonlinear time series
analysis approaches better precision with the price of higher
computational effort. In Murphy [18], neural networks are
analyzed to correlate surrogate and tumor motion temporal
prediction to compensate the lag time of tracking system;
when the correlation changes rapidly with time, the simple
stationary linear filter was unable tomake a useful prediction,
while the neural network provided the best prediction of the
data with time changing correlation.

From the above reviewed achievements, it is apparent that
feedforward NNs or MLPs have promising capabilities for
implementation to lung motion time series prediction, and
lung motion prediction with NN is a subject of great interest
in medicine due to the possibility of capturing dynamics and
structural aspects [4, 10]. Some authors are convinced that
deep analysis is still needed [4, 10, 16, 19].

From the theoretical point of view, we shall also recall the
publication of Hornik et al., 1989 [20], where it is presented
that MLP can approximate a function to an arbitrary degree
of accuracy that has become often cited in publications on
NNs by many authors up to nowadays; however, it is not usu-
ally mentioned explicitly that the statement about arbitrary
degree of accuracy of MLPs is limited only to training data
because the very precise training does not necessarily imply
correct functionality of the trained NN for new data, that is,
for testing. Then we talk about the well known issues such
as generalization capability, overfitting (overtraining) issue,
or about the local minima issue of MLPs that makes proper
training of NNs, especially for nonstationary data such as
lung motion, a nontrivial issue.

Regarding the above mentioned issues of MLPs and con-
sidering our experience with higher-order nonlinear neural
architectures we also extend our study with focus on a
second-order nonlinear neural unit which is the so called
quadratic neural unit (QNU) [21–25]. QNU can be con-
sidered a standalone second-order neural unit of higher-
order NNs (HONN) or a class of polynomial NNs [26–
28]. For fundamental works on higher-order NNs we can
refer to works of [29–34]. We may recall that polynomial
neural networks (including QNU) are attractive due to the
reliable theoretical results for their universal approximation
abilities according to the Weierstrass theorem and for their
generalization power measured by the Vapnik-Chervonenkis
(VC) dimension [27].

For the fact we study implementation of static NNs,
we use the most popular learning algorithm; that is, the
Levenberg-Marquardt (L-M) algorithm [35, 36] that is a
powerful optimization algorithm and it is easy to be imple-
mented. L-M technique is used for nonlinear least-squares
problems. We also briefly compare the performance of a
classical gradient descent (GD) adaptation algorithmwith the
best performing predictor in our experiments. Also, because
of the nonstationary nature of lung tumor motion in time,
we implemented sliding window retraining (e.g., [37, 38])
to capture temporal variations in time series validity of the
neural model at every sample of prediction.

In this paper, we propose and study predictionmethod of
lung tumor motion, first, with the use of conventional static
MLP with a single hidden perceptron layer and, second, with
the static QNU, that is, a class of polynomial neural network
(or a higher-order neural unit). We also demonstrate that
QNU can be trained in a very efficient and fast way for real-
time retraining. The objective of our study was to achieve
the prediction accuracy within 1mm for prediction horizon
𝑡pred = 1 second by using NN approaches and to study
capabilities of the simplest yet powerful NN models. That is,
we adopt static MLPs and QNUs to achieve better prediction
accuracy than in published and comparable works that are
referenced above. The QNU was chosen for its high quality
of nonlinear approximation and its excellent convergence due
to its in-parameter linearity that implies a linear optimization
problem while the predictor is nonlinear [23].

Section 2 describes 3D lung tumor motion data used for
the experimental study. Section 3 describes the NN models,
that is, theMLP andQNU, the real-time retraining technique,
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Figure 1: Preprocessed time series of the observed lung tumor
marker position. The sampling frequency 𝑓 = 30Hz.

the used L-M and GD learning algorithms, and the modi-
fications of the L-M learning algorithm (later as MLM) to
increase efficiency and the speed of the retraining for real-
time computation. Section 4 presents results with real lung
tumor 3D motion data, and these are discussed in Section 5
with directions for further research on unexpected move
processing, on increasing the accuracy via online estimation
accuracy with connotations to intensitymodulated approach.
At the very end, more results are shown also on additional
artificial time series featuring respiration nonlinear dynamics
and unexpected move in Appendix, where also the evidence
of lower accuracy of linear predictor is shown for both
artificial and real data.

2. Data Description

The three-dimensional time series of lung tumormotion data
(Figure 1) with uncontrolled respiration of a patient were
obtained courtesy of Hokkaido University Hospital. To mea-
sure the three-dimensional coordinates of the tumor motion
as shown in Figure 1, a fiducial gold marker was implanted
into the lung tumor or its neighbour, and the motion was
measured in the directions of the lateral, cephalocaudal,
and anteroposterior axes, respectively [15, 17]. The original
sampling frequency was 30Hz, and the spatial resolution
was 0.01mm; the time series were preprocessed by applying
Kalman filter and statistical filters in order to reduce the noise
and avoid abnormal data included in rough data of the time
series [15, 17, 39].

The elements of vector y(𝑘) are

y (𝑘) = [𝑦1 (𝑘) 𝑦
2
(𝑘) 𝑦

3
(𝑘)] . (1)

The dominant periods of the time series are varying around
3 seconds.

3. Prediction Methods

This section describes the neural network models used in
this study. Section 3.1 gives the necessary details on the slid-
ing window retraining technique that increased prediction
accuracy (as discussed in Section 5 later). Section 3.2 gives
details on the implemented classical perceptron-type static
feedforward NN with a single hidden layer of neurons with
sigmoidal output function (Figure 3) and the L-M algorithm
used for batch training of this neural architecture is recalled.
Section 3.3 presents weight-by-weight modification of L-M
that accelerates real-time computation by avoiding inverse
matrix computation. Section 3.4 describes the implemented
static QNU (Figure 4, equations (11) and (13)) that performs
nonlinear input-output mapping yet its linear optimization
nature suppresses the issue of local minima for convergence
of neural weights. Also modification of the L-M algorithm
(9)–(14) for enhanced computational speed of QNU is
described as the inverse matrix computation is avoided and
the Jacobian is constant for static QNU.

3.1. Sliding Window Retraining. Because the respiration time
series are naturally nonstationary and thus quasiperiodic
with time varying frequency, mean, and amplitudes, it is
impossible to obtain a generally valid model from a single
training data set. Therefore, we investigated the effect of real-
time retraining of the above described predictive models
(Figures 3 and 4) to their prediction accuracy. By retraining
with the most recent history of measured values, we capture
the contemporary valid governing laws of a nonstationary
system. We retrained the models at every new measured
sample, that is, before each new sample prediction. This
approach can be referred to as a sliding window approach
(e.g., [37, 40]). Before NN retrainings, every sliding window
was normalized by subtracting the mean and divided by
standard deviation, respectively, for each signal (y

1
, y
2
, y
3
).

The retraining (sliding) window for the predictive models
(Figures 3 and 4) is shown in Figure 2, where 𝑓NN stands for
the mapping function of the NN model (MLP or QNU).

After the current window training is performed, the
NN predicts the unknown 𝑛

𝑠
samples ahead from the new

measured value and then the data normalization, retraining,
and prediction repeat when a new sample is available.

3.2. Perceptron Neural Network with Levenberg-Marquardt
Adaptation. The static MLP NN with discrete time notation
𝑘 and with a single hidden layer is given by the following
equation:

𝑦 (𝑘 + 𝑛
𝑠
) = wout ⋅ 𝜉 (𝑘) = wout ⋅ 𝜙 (W (𝑘) ⋅ x) , (2)

where 𝑦(𝑘+𝑛
𝑠
) is the output of the network calculated at time

𝑘 as an 𝑛
𝑠
samples ahead predicted value.W is a weightmatrix

whose rows correspond to weights of neurons in a hidden
layer, 𝑤out is a weight vector for the output neuron, and the
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Figure 2: The principle of sliding (retraining) window for model
retraining at every new measured sample, the window slides ahead
with each new measured sample. The total length of a (re)training
window is denoted by 𝑁train.

input vector x is given for the static model (2), that is, for a
directly predicting (static) model as

x (𝑘) =

[
[
[
[
[
[
[
[

[

1

𝑦 (𝑘)

𝑦 (𝑘 − 1)

.

.

.

𝑦 (𝑘 − 𝑛 + 1)

]
]
]
]
]
]
]
]

]

, (3)

where the length of input vector x is 𝑛 + 1, and the sigmoidal
output function of neurons in the hidden layer is given as
follows:

𝜙 (]) =
2

1 + exp (−])
− 1. (4)

This network architecture (2)–(4) with 𝑛
1
neurons in its

hidden layer is sketched in Figure 3, and this model was
studied as a classical NN model for direct prediction of
time series in Figure 1 with sliding window retraining was
described in Section 3.1.

The common formula for L-M algorithm for weight
increments of the 𝑖th hidden neuron at every epoch of
training is then given as follows:

Δw
𝑖
= [J𝑇
𝑖
× J
𝑖
+

1

𝜇
× I]
−1

× J𝑇
𝑖
× e, (5)

where elements of Δw
𝑖
are weight increments of the 𝑖th

neuron, I is (𝑛 + 1) × (𝑛 + 1) identity matrix, 𝜇 is a learning
rate that is optionally adjustable (see below), e is a vector of
errors between real values and neural outputs (7), 𝑇 stands
for matrix transposition, and J

𝑖
is the Jacobian matrix that

contains the first derivatives of the network outputs with
respect to weights of the 𝑖th neuron as follows:

J
𝑖
=

[
[
[
[
[
[
[
[
[
[
[
[

[

𝜕𝑦 (𝑘 = 1)

𝜕𝑤
𝑖,0

𝜕𝑦 (1)

𝜕𝑤
𝑖,1

⋅ ⋅ ⋅
𝜕𝑦 (1)

𝜕𝑤
𝑖,𝑛

𝜕𝑦 (2)

𝜕𝑤
𝑖,0

𝜕𝑦 (2)

𝜕𝑤
𝑖,1

⋅ ⋅ ⋅
𝜕𝑦 (2)

𝜕𝑤
𝑖,𝑛

.

.

.

.

.

. d
.
.
.

𝜕𝑦 (𝑁)

𝜕𝑤
𝑖,0

𝜕𝑦 (𝑁)

𝜕𝑤
𝑖,1

⋅ ⋅ ⋅
𝜕𝑦 (𝑁)

𝜕𝑤
𝑖,𝑛

]
]
]
]
]
]
]
]
]
]
]
]

]

, (6)

where 𝑁 is the length of training data (the number of
samples). A training performance is for 𝑁 training samples
given as the sum of square errors

𝑄 (epoch) =

𝑁

∑

𝑘=1

𝑒(𝑘)
2
, where 𝑒 (𝑘) = 𝑦 (𝑘) − 𝑦 (𝑘) . (7)

TheL-Malgorithm for the perceptron-type network as in (2)–
(4) (Figure 3) requires computation of the Jacobian matrix
J
𝑖
as in (6) at each epoch, so the matrix inverse has to

be always calculated according to the basic L-M formula
(5) epoch times. The inverse matrix calculation as in (5)
for the network (3) results in slowing down the real-time
computation. Modified Levenberq-marquard algorithm is
able to avoid that and the retraining and prediction run faster;
this is presented in Section 3.3.

3.3. Perceptron Neural Network with Modified Levenberg-
Marquardt Adaptation. The resulting formula for modified
L-M algorithm for the 𝑗th weight increment of the 𝑖th hidden
neuron at every epoch of training is then given as follows:

Δ𝑤
𝑖,𝑗

= [j𝑇
𝑖,𝑗

× j
𝑖,𝑗

+
1

𝜇
× I]
−1

× j𝑇
𝑖,𝑗

× e, (8)

Δ𝑤
𝑖,𝑗

=

j𝑇
𝑖,𝑗

j𝑇
𝑖,𝑗

× j
𝑖,𝑗

+ 1/𝜇
× e = j̃

𝑖,𝑗
× e, (9)

where Δ𝑤
𝑖,𝑗
is a 𝑗th weight increment of the 𝑖th neuron, I is

(𝑛+1)×(𝑛+1) identitymatrix, 𝜇 is a learning rate, e is a vector
of errors between real values and neural outputs (7), 𝑇 stands
for matrix transposition, and j

𝑖,𝑗
is the Jacobian vector:

j
𝑖,𝑗

=

[
[
[
[
[
[
[
[
[
[
[

[

𝜕𝑦 (1)

𝜕𝑤
𝑖,𝑗

𝜕𝑦 (2)

𝜕𝑤
𝑖,𝑗

.

.

.

𝜕𝑦 (𝑁)

𝜕𝑤
𝑖,𝑗

]
]
]
]
]
]
]
]
]
]
]

]

(10)

that contains the first derivatives of the network outputs
with respect to 𝑗th weight of the 𝑖th neuron as follows. Per-
ceptron neural network predictor with this modification of
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Figure 3: The used static feedforward perceptron-type NN as implemented for time series (direct) prediction.
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Figure 4: Static QNU architecture with 𝑛 external inputs (real measured values) as implemented for time series (direct) prediction.

Levenberg-Marquardt learning algorithm is further denoted
as MLP predictor with MLM learning.

In next subsection we show QNU and its linear nature of
optimization (by L-M algorithm) that, in principle, prevents
QNU from local minima issue for a given training data set, so
the weight convergence of QNU is superior to conventional
perceptron-type neural networks [23, 41].

3.4. Quadratic Neural Unit with Levenberg-Marquardt Adap-
tation. QNU may be considered as a special case of higher-
order neural unit or as a case of polynomial NN. The static
QNU is sketched in Figure 4.

The output of QNU from Figure 4 can be written in a
vector multiplication form that can be decomposed into a
long vector representation as follows:

𝑦 (𝑘 + 𝑛
𝑠
) =

𝑛

∑

𝑖=0

𝑛

∑

𝑗=0

𝑥
𝑖
𝑥
𝑗
𝑤
𝑖,𝑗

= 𝑤
0,0

𝑥
2

0
+ 𝑤
0,1

𝑥
0
𝑥
1
+ ⋅ ⋅ ⋅ + 𝑤

𝑖,𝑗
𝑥
𝑖
𝑥
𝑗

+ ⋅ ⋅ ⋅ + 𝑤
𝑛,𝑛

𝑥
𝑛
𝑥
𝑛

= w ⋅ colx,

(11)

where 𝑥
0
= 1 (as shown in Figure 4), 𝑦 is a predicted value,

𝑥
1
, 𝑥
2
, . . . , 𝑥

𝑛
are external neural inputs at a sample time

𝑘, 𝑤
𝑖,𝑗

are neural weights of QNU, w is a long-vector
representation of weight matrix of QNU, and colx is a long

column vector of polynomial terms of neural inputs defined
as follows:

colx (𝑘) = [{𝑥
𝑖
(𝑘) 𝑥
𝑗
(𝑘)}] : 𝑖 = 0 . . . 𝑛, 𝑗 = 𝑖 . . . 𝑛,

where 𝑥
0
= 1.

(12)

Notice that for weight optimization of polynomial static
model (11), all 𝑥

𝑖
and 𝑦(𝑘 + 𝑛

𝑠
) are substituted with measured

training data, so (11) yields a linear combination of neural
weights that has, in principle, a unique solution for a given
training data. Thus, contrary to MLP networks, the linear
optimization nature of QNU implies that QNU avoids the
local minima issue for a given training data while the neural
model maintains high quality of nonlinear approximation
that we have observed so far [23, 41].

Another advantage of QNU against MLP is the fact that
the Jacobian matrix of QNU, that is, J, derived accordingly
to (6), becomes merely function of inputs; thus the J of QNU
becomes a constant for its all training epochs.Then, J ofQNU
is given for its all weights as follows:

J =

[
[
[
[
[

[

1 𝑥
1
(𝑘 = 1) ⋅ ⋅ ⋅ 𝑥

𝑖
(1) 𝑥
𝑗
(1) ⋅ ⋅ ⋅ 𝑥

𝑛
(1)
2

1 𝑥
2
(2) ⋅ ⋅ ⋅ 𝑥

𝑖
(2) 𝑥
𝑗
(2) ⋅ ⋅ ⋅ 𝑥

𝑛
(2)
2

.

.

.

.

.

.

.

.

.

.

.

.

1 𝑥
1
(𝑁) ⋅ ⋅ ⋅ 𝑥

𝑖
(𝑁) 𝑥

𝑗
(𝑁) ⋅ ⋅ ⋅ 𝑥

𝑛
(𝑁)
2

]
]
]
]
]

]

, (13)

and this matrix (13) is evaluated only once, so the weight
updates by L-M formula (5) can be evaluated with only
varying error 𝑒 that is recalculated at each epoch of training,
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so the the matrix multiplications and inversion with J are
calculated only once for each retraining of QNU. However,
the natural disadvantage ofQNU is the exponentially increas-
ing number of weights with number of inputs (e.g., QNU
with 𝑛 = 30 external inputs has 𝑚 = 496 weights), so the
inverse matrix operation in the L-M formula significantly
slows down the retraining even if it is calculated once for all
epochs. Also, choice of a proper technique for computation
of precise inverse matrix may be an issue itself that can
negatively influence the training technique.Thereforewemay
implement a weight-by-weight calculation approach (mod-
ified Levenberg-Marquardt adaptation) that avoids matrix
inversion to calculate all neural weight updates by the L-M
algorithm (as indicated in previous section and also used for
MLP in that same subsection).The approach is shown in next
subsection, where we show that Jacobian matrix (6) of static
QNU can be calculated only once and that also the matrix
inversion (5) can be avoided for QNU (Section 3.5). Thus
the QNU becomes computationally fast enough for real-time
calculation even on a PC (Ubuntu 12.04, Intel i5).

3.5. Quadratic Neural Unit with Modified Levenberg-Mar-
quardt Adaptation. In this subsection, we present how we
modified L-M algorithm to accelerate training of QNU by
avoiding the inverse matrix computation. A general column
of Jacobian matrix of QNU (10) that corresponds to a general
weight 𝑤

𝑖,𝑗
is 𝑁 × 1 vector denoted as j

𝑖,𝑗
and it is written as

follows:

j
𝑖,𝑗

=

[
[
[
[

[

𝑥
𝑖
(1) 𝑥
𝑗
(1)

𝑥
𝑖
(2) 𝑥
𝑗
(2)

.

.

.

𝑥
𝑖
(𝑁) 𝑥

𝑗
(𝑁)

]
]
]
]

]

. (14)

Then a single-weight increment is formally calculated
according to original L-M formula (5) and because the term
j𝑇
𝑖,𝑗

× j
𝑖,𝑗
results in a scalar, we can use formula (9).

It is much faster to calculate individual vectors j̃
𝑖,𝑗
corre-

spondingly to individual weights in a for loop using merely
division (14) rather than to calculate all weight updates once
by the original L-M formulawith the inverse of a largematrix,
that is, for QNU with too many inputs. Notice that all j̃

𝑖,𝑗
are

calculated only once before the training in epochs starts and
then we also calculate the weight updates only with varying
e that is the only vector that is recalculated at every epoch
in the modified L-M formula (14). As a result of the above
modification of the L-Malgorithm forQNU, the computation
speed of QNUwith retraining and prediction at every sample
increased significantly (Figure 6). In other words, we are
capable to implement the real-time predictionwith retraining
on a commonly available computational hardware without
the need for more powerful one and the prototype of the
software can be typically implemented either in Python or
Matlab. The technique is further denoted as QNU predictor
with MLM learning.

3.6. Quadratic Neural Unit with Normalised Gradient Descent
Adaptation. In this subsection we present the normalized

gradient descent algorithm [42, 43] for QNUwith adaptation
for prediction of lung tumor motion. This method of adap-
tation recalculates weights for every new sample. The weight
update formula could be presented as follows:

Δw (𝑘 + 1) = 𝜇 (𝑘) ⋅ 𝑒 (𝑘) ⋅
𝜕𝑦 (𝑘)

𝜕𝑤 (𝑘)

= 𝜇 (𝑘) ⋅ 𝑒 (𝑘) ⋅ colx𝑇 (𝑘) ,
(15)

where 𝜇 is the normalised learning rate (16), 𝑒 is prediction
error (7), and the colx is vector of inputs, obtained from
vector x (3) as shown in (12).

To improve stability of weight update system (15) during
GD adaptation, the learning rate 𝜇 is normalized at every
sample time as follows:

𝜇 (𝑘) =
𝜇
0

1 + (colx (𝑘) ⋅ colx𝑇 (𝑘))
2
, (16)

where 𝜇
0
stands for learning rate defined before the start of

the simulation.

4. Experimental Analysis

4.1. Evaluation Criteria. Experimental analysis was per-
formed on real respiration data of lungmotion as described in
Section 2 and using the two predictive models and the tech-
niques described in Section 3. The objective of the analysis
is to investigate the potentials for the prediction accuracy of
1mm for prediction horizon of 1 s. We also present a more
exhaustive study and comparison of static NN performance
for prediction of lung motion using the real-time retraining
technique. To evaluate the performance under the long-term
condition required for clinical use, we highlight the results for
prediction of the prediction horizons of 0.5 s and 1 s.

As the lungmotion ismeasured in three axes, we analysed
the predicting accuracy for various configurations by a 3D
mean absolute error (MAE) as follows:

𝑒
3D (𝑘) = √𝑒

1
(𝑘)
2
+ 𝑒
2
(𝑘)
2
+ 𝑒
3
(𝑘)
2
, (17)

where 𝑒
1
, 𝑒
2
, and 𝑒

3
are the predicting errors of corresponding

axes, respectively. From the 3D errorwe can get theMAEwith
formula as follows:

MAE =
1

𝑁

𝑁

∑

𝑘=1

𝑒
3D (𝑘) , (18)

where𝑁 is the number of testing samples.

4.2. Experiments Setups. Also, the effect of various input
configurations of the length of neural inputs 𝑛 for the NN
architectures (MLP in Figure 3, QNU in Figure 4) was stud-
ied. The optimum number of input-output training patterns
𝑁train and number of neurons in the hidden layer 𝑛

1
(in the

case of MLP) were estimated after experiments. For MLP,
we run each setup for the number of neurons in hidden
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Figure 5: Mean absolute errors for 1-second prediction of 3D lung tumor motion with uncontrolled respiration for all predictors and
simulation settings.

Table 1: General configuration for the predicting models (all for 1-second prediction horizon 𝑡, 𝑛 . . .(3),𝑁train . . .Figure 2).

Model Learning algorithm Sampling (also 𝑛
𝑠
) n [samples] 𝑁train[samples]

MLP L-M 15 15 30 180 270 360
30 30 60 90 135 180

QNU L-M 15 15 30 180 270 360
30 30 60 90 135 180

QNU GD 15 15 30 180 270 360
30 30 60 90 135 180

layer as 𝑛
1
= 1, 2, 3, 5, 7 (Figure 3) and this each instance of

MLP predictor was repeated 10× from allays different random
initial conditions. We highlight the results for prediction
horizon 𝑡pred = 1 s as summarized in Table 1.

4.3. Results. As it was specified in previous subsection, we
ran 356 simulations for QNU and 2475 for MLP for real lung
tumor motion time series shown in Figure 1. The results for
all settings are shown in pivot chart ofMAE in Figure 5. Aswe
can see in that chart, results vary according to all parameters
of simulation.

We concluded to setup 5 to 8 epochs for the sliding
window retraining for MLP and 8 epochs for QNU as we
could notice that the mean absolute error was not improved
with more number of training epochs into the window
especially for long-term prediction (up to 1 s). For pretraining
before actual prediction we concluded to use 800 epochs for

MLP and QNU using Levenberg-Marquardt adaptation and
400 epochs for QNU using gradient descent adaptation.

We have to highlight that results of simulations withMLP
depended more on random selection of initial weights than
with QNU. The standard deviation of MAE of QNU was
superior to MLPs as it is shown also in Table 2. This is most
naturaly due to the known local minima issue of MLP with
L-M algorithm while QNU is linear in its parameters, so
QNU features a single minimum optimization problem. The
lowest MAE was achieved by QNU with MLM adaptation
and sampling 15Hz as it is shown in Table 3. And in general,
it is possible to say that simulations with smaller size of
𝑁train, that is, covering the range of about two respiration
cycles, have better results. Difference of the MAE between
using L-M and MLM can also be caused by initial random
weights. However, the initial randomweights were important
to verify the general validity of this prediction approach.
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Figure 6: Computational speeds (sps) (PC, i5, Ubuntu) related to Figure 5 for all predictors and for all settings show the best suitability of
QNU also for a possible real-time implementation.

Also in general we can see from Figure 5 that QNU was
more accurate than MLP. Figure 6 shows the pivot chart
of computational speeds of all simulations. The higher the
value on 𝑦-axis means the higher the computational speed.
The fastest prediction was achieved with GD and MLM in
combination with QNU for sampling 15Hz, but the accuracy
of GD with QNU was much worse than on with MLM. For
almost of all used settings, the MLM was the fastest learning
algorithm as it avoids inverse Jacobianmatrix calculation. For
the MLP predictor, the difference in computational speed of
MLM and L-M was not that high as the Jacobian matrices
of MLP were not so large here. The computation speed of
QNU with MLM is significantly fastest as QNU calculates
Jacobian only once and MLM avoids its inversion. The most
accurate predictions and also the second fastest ones were
obtained for QNU with the slower sampling 15Hz, faster
sampling 30Hz, and with MLM learning algorithm as it is
shown in Table 2. The prediction including retraining with
QNU performed (PC, Ubuntu 12.04, Intel i5) in average 16
samples per second for one time series that is faster than real
time. QNU performed also statistically better for all setups
than MLP as regards the mean and standard deviation of
MAE as it is shown in Table 3.

5. Discussion

As shown in Section 4.3, the results vary according to big
amount of simulation settings. So far, we found the best

algorithm for lung tumor motion prediction to be the QNU
in combination with MLM. This prediction model achieved
better accuracy than MLP and also it was fast in comparison
with MLP model. Another advantage of QNU was better
independence from initial weights for Levenberg-Marquardt
algorithm. The choice of initial weights affected the pre-
diction precision of MLP models (because of local minima
issue mentioned earlier) and that accuracy issue can be a
crucial problem for real-time usage of L-M algorithm with
MLP predictors. According to our research that is presented
in this paper, we can recommend the QNU predictor with
MLM algorithm as a more suitable method than MLP or
other reviewed approaches for fast respiratory time series
prediction. However, the MLP predictors shall be further
investigated as they are, in principle, capable of very high
prediction accuracy and other suitable learning algorithm
shall be investigated. For real implementations in a near-
future, the computational speed (of MLP and of other
approaches) might be significantly improved by nowadays
spreading chipset on board and FPGA technologies. Our
proposed prediction method is based on real-time retraining
that can capture varying dynamics of a patient respiration.
It shall be highlighted that our method was applied to lung
tumor motion without any control of patient respiration.
This implies that the dynamics of the patient respiration
was varying unexpectedly. As regards instant variations of
respiration dynamics and unexpected moves of a patient,
we focus our research toward adaptive novelty detection for
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Table 2:The best achieved results of MAE [mm] for 3D lung tumormotion prediction with uncontrolled respiration and the setups for QNU
and MLP architectures (MLPs (Figure 3) were investigated for 𝑛

1
= 1, 2, 3, 5, 7).

Architecture Learning 𝑁train 𝑛 𝑛
𝑠

𝜇 Epochs 0 Epochs MAE [mm] 𝜎(MAE) [mm] sps Count of trials
QNU MLM 90 30 15 5.00𝐸 − 05 800 8 0.987 0.001 16.05 42

MLP LM 180 30 15 0.01 800 8 1.034 0.033 3.11 150
MLM 270 60 30 0.01 800 8 1.041 0.039 1.76 90

Table 3: The statistical comparison of MAE [mm] for MLP versus
QNU over all various setups (on the 3D lung tumor motion
prediction for prediction horizon of 1 second).

Learning Data Architecture
MLP QNU LNU

GD
Min of MAE 1.54
Average of MAE 2.33
Standard deviation of MAE 0.75

LM
Min of MAE 1.03 1.01
Average of MAE 1.18 1.08
Standard deviation of MAE 0.08 0.04

MLM
Min of MAE 1.04 0.99 1.13
Average of MAE 1.18 1.06 1.28
Standard deviation of MAE 0.08 0.04 0.13

estimation of actual prediction accuracy [44]. Such approach
seems to be promising for further improvement of prediction
accuracy and for instant detection of unexpected moves with
prospects to intensity modulated radiation tracking therapy.

6. Conclusions

In this paper, we have proposed and investigated real-time
series predictive models of lung tumor 3D time series. A
MLP with one hidden layer and quadratic neural unit were
proposed and studied as predictive models. The studied
learning rules for the models were the gradient descent adap-
tation (GD) and Levenberg-Marquardt batch optimization
implemented as real-time retraining technique. We further
modified L-M algorithm for faster real-time calculation. We
demonstrated and compared the predictive capability of the
models and algorithms on respiratory 3D lung tumormotion
time series for real-time prediction. For the GD and L-M
algorithm, we can conclude the superiority of QNU over
MLP as regards the accuracy and real-time computational
efficiency and reproducibility of the results.The in-parameter
linearity of QNU avoided local minima issue during opti-
mization while the initial weight setup of MLP importantly
affects retraining accuracy for these comprehensible learning
algorithms. The prediction results obtained by the predictive
models satisfied the goals of our work for the prediction
accuracy of 3DMAE of 1mm for 1-second prediction horizon
while the computational time was well shorter than the real
treatment time.
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Figure 7: Artificial time series featuring nonlinear dynamics with
random perturbations. Main frequency components correspond to
respiration when considering sampling of 30Hz.

Appendix

Artificial Data Experiment

Up to date, we unfortunately have not obtained another
real lung tumor 3D motion data with uncontrolled patient
respiration. Thus we generated three artificial time series
shown in Figure 7 to validate the proposed approach. We
created first time series 𝑦1 by a nonlinear function (A.1) as
follows

𝑦 (𝑡) = 5 ⋅ sin(
2𝜋

3
𝑡)

− sin(2𝜋/3)(1/2)
,

𝑡 =
𝑘

30
, 𝑘 = 1, . . . , 1000,

(A.1)

and the second time series 𝑦
2
was generated by (A.1) with

randomly varying main frequency every 3 samples. The
third time series 𝑦

3
was generated using the famous chaotic

Mackey-Glass equation as follows:

𝑑𝑦 (𝑡)

𝑑𝑡
=

𝑏 ⋅ 𝑦 (𝑡 − 𝜏)

1 + 𝑦(𝑡 − 𝜏)
10

− 𝑔 ⋅ (𝑡) , (A.2)
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Figure 8: 3D MAE for artificial data from Figure 7, total of 2826 simulation experiments.
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motion in 3D with uncontrolled respiration (out of all experiments
for linear (LNU) and nonlinear predictors (QNU, MLP)).
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Figure 11: Minimum of 3D MAE for artificial data from all
experiments for linear (LNU) and nonlinear predictors (QNU,
MLP).

where 𝑡 denotes continuous time, and the chaotic behavior
was generated by the setup of 𝑏 = 0.2, 𝑔 = 0.1, and the lag
𝜏 = 17.

The results on 3D MAE and speed of computation are
shown in Figures 8, 9, 10, and 11. These results confirm
our achievements on real data sets, in particularly, the
QNU appears accurate and efficient predictor in comparison
to conventional MLP networks when GD, L-M, or MLM
learning are used.

For completeness of this study, we show results achieved
with (with real-time retraining) linear predictor LNU (linear
neural unit) that demonstrates the need for nonlinear predic-
tive models because of prediction accuracy.

For validation of result reproducibility, we also performed
the computations on artifical data with another HW (PC,
Windows 7, i7), so the computational speeds can differ from
the ones achieved for real data. The results on artifical data

confirm our achievements with real tumor motion data with
uncontrolled respiration.
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Purpose. To subclassify parapharyngeal extension in nasopharyngeal carcinoma (NPC) and investigate its prognostic value and
staging categories based on magnetic resonance imaging (MRI).Methods and Materials. Data from 1504 consecutive NPC patients
treated with definitive-intent radiotherapy were analyzed retrospectively. Sites of parapharyngeal extension were defined by MRI.
Overall survival (OS), local relapse-free survival (LRFS), and distant metastasis-free survival (DMFS) were calculated by the
Kaplan-Meier method and compared with the log-rank test. Hazard consistency and hazard discrimination were determined by
multivariate analysis with Cox proportional hazards models. Results. 1104 patients (73.4%) had parapharyngeal extension; 1.7–
63.8% had involvement of various anatomic sites.The hazard ratio for death was significantly higher with extensive parapharyngeal
extension (lateral pterygoid muscle of masticator space and beyond or parotid space) than with mild extension (medial pterygoid
muscle of masticator space, or carotid, prestyloid, and prevertebral or retropharyngeal space). OS, LRFS, and DMFS with extensive
parapharyngeal extension were similar to those in T4 disease; OS, LRFS, and DMFS with mild parapharyngeal extension were
significantly higher than in those T3 disease (all P ≤ 0.015). Conclusions. Parapharyngeal extension in NPC should be subclassified
as mild or extensive, which should be regarded as stages T2 and T4 diseases, respectively.

1. Introduction

Nasopharyngeal carcinoma (NPC) has a strong invasive
tendency and often develops parapharyngeal extension, with
a prevalence of 72–83% at diagnosis [1–10]. Parapharyngeal
extension in NPC indicates tumor invasion beyond the
pharyngobasilar fascia and into the parapharyngeal, mas-
ticator, prevertebral, or parotid space, which are separated
by the cervical fascias; the parapharyngeal space can be
subdivided into the prestyloid, carotid, and retropharyngeal
spaces (Figure 1).

The prognostic significance of parapharyngeal exten-
sion in NPC has not been resolved [1–12] and the rec-
ommendations in published staging systems pertaining to

parapharyngeal extension are ambiguous [13–16]. Chua et al.
[1] reported that lateral tumor invasion beyond the line
joining the free edge of the medial pterygoid plate to the
styloid process was an independent prognostic factor. Other
studies have shown that paraoropharyngeal extension or
posterolateral tumor invasion beyond a line drawn from
the styloid process to the midpoint of the posterior edge
of the great occipital foramen also has some value as an
indicator of poorer prognosis [3–5]. However, using the
American Joint Committee on Cancer (AJCC) definition
of parapharyngeal extension beyond the pharyngobasilar
fascia or subclassifying the degree of parapharyngeal exten-
sion according to the presence or absence of carotid space
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Figure 1: Axial section through the nasopharynx showing the
relationship between various anatomic sites of parapharyngeal
extension surrounding the nasopharynx, which are divided by the
three layers of the cervical fascia: deep (dark blue line), middle
(bright green line), and superficial (orange line). Parapharyngeal
extension includes involvement of the masticator space (MS, blue),
prestyloid space (PSS, purple), carotid space (CS, green), retropha-
ryngeal space (RPS, pink), prevertebral space (PVS, yellow), and
parotid space (PS, brown). Compared with the anatomic masticator
space, the staging masticator space (the region within the red line)
excludes the medial and lateral pterygoid muscles but includes the
retromaxillary fat pad. MP: medial pterygoid muscle; LP: lateral
pterygoid muscle; M: masseter muscle; T: temporalis muscle; RT:
retromaxillary fat pad.

involvement, parapharyngeal extension had no prognostic
significance inNPC [7–10].Thedefinitions of parapharyngeal
extension used in these studies vary widely, andmost patients
were staged on the basis of computed tomography (CT)
scans. Conversely, two studies based on magnetic resonance
imaging (MRI) suggested that involvement of any part of the
anatomic masticator space should be regarded as T4 disease
[11, 12].

In light of these discrepancies, this study aimed to identify
appropriate subclassifications (lateral, posterior, posterolat-
eral, and inferior spread) for parapharyngeal extension in
NPC and to reassess the prognostic value and staging cate-
gories for parapharyngeal extension based onMRI in patients
with NPC treated with definitive-intent radiotherapy.

2. Materials and Methods

2.1. Patients. This retrospective study was approved by the
institutional review board and all examinations were per-
formed after written informed consent had been obtained
from the patients or their next of kin. From December 2002
to October 2006, 1504 ethnic Chinese patients (1145 males,
mean age 46 years, range 13–76 years; 358 females, mean age
43 years, range 18–75 years) with newly diagnosed, untreated,
and nondisseminated NPC who were subsequently treated
with definitive-intent radiotherapy were enrolled in the
study. Patients whose treatment deviated from institutional
guidelines due to advanced age or organ dysfunction were
excluded. All patients underwent pretreatment evaluation

Table 1: Characteristics of 1504 patients with nasopharyngeal
carcinoma.

Characteristic Number of patients∗

WHO pathologic classification
Type 1 17 (1.1)
Type 2 168 (11.2)
Type 3 1319 (87.7)

T classification
T1 278 (18.5)
T2 220 (14.6)
T3 587 (39.0)
T4 419 (27.9)

N classification
N0 344 (22.9)
N1 901 (59.9)
N2 207 (13.8)
N3 53 (3.4)

AJCC 2010 stage
I 101 (6.7)
II 311 (20.7)
III 638 (42.4)
IVa-b 454 (30.2)

AJCC: American Joint Committee on Cancer; WHO:World Health Organi-
zation.
∗Numbers in parentheses are percentages.

including MRI of the neck and nasopharynx, chest radiog-
raphy, abdominal sonography, and a whole-body bone scan.
Medical records and imaging studies were reviewed and all
patients were restaged according to the 2010 AJCC TNM
staging system for NPC [15]. Table 1 shows the patients’
pathologic classification, T classification, N classification, and
overall stage.

2.2. Imaging Protocol. All patients underwent MRI using
a 1.5 T system (Signa CV/I; GE Healthcare, Milwaukee,
WI) employing a spin echo technique. The region from the
suprasellar cistern to the inferior margin of the sternal end of
the clavicle was examined with a head and neck combined
coil. T1-weighted images in the axial, coronal, and sagittal
planes (repetition time 500–600ms, echo time 10–20ms)
and T2-weighted images in the axial plane (repetition time
4000–6000ms, echo time 95–110ms) were obtained before
injection of the contrast material. After intravenous injection
of Gd-DTPA at a dose of 0.1mmol/kg body weight, T1-
weighted axial and sagittal sequences and T1-weighted fat-
suppressed coronal sequences were performed sequentially,
with parameters similar to those used before Gd-DTPA
injection. The section thicknesses and interslice gaps were
5mm and 1mm for the axial plane and 6mm and 1mm for
the coronal and sagittal planes.

2.3. Image Assessment. Two experienced radiologists (Y.Z.L.
and L.Z.L., with 10 and 12 years’ experience in MRI of
NPC, resp., at the time of the study) separately evaluated
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the images. Any disagreements were resolved by consensus.
MRI findings of parapharyngeal extension were assessed at
the following sites: medial pterygoidmuscle, lateral pterygoid
muscle, stagingmasticator space (tumor involvement beyond
the anterior surface of the lateral pterygoid muscle), presty-
loid space, retropharyngeal space, anterior carotid space,
posterior carotid space (the demarcation of the anterior
and posterior carotid space was the posterior edge of the
internal jugular vein), prevertebral space, parotid space,
and paraoropharyngeal space (Figure 1). Paraoropharyngeal
extension was defined as parapharyngeal involvement of
tumor below the C1/C2 interspace [3].

2.4. Treatment. All patients were treated with definitive-
intent radiotherapy. Most of the patients (805, 53.5%) were
treated with conventional techniques based on CT simula-
tion, but 621 (41.3%) patients received intensity-modulated
radiation therapy (IMRT) and 78 (5.2%) underwent three-
dimensional conformal radiotherapy (3DCRT). Details of the
radiotherapy techniques used at our cancer center have been
reported previously [17–19].

During the study period, based on the AJCC 2002
staging system, our institutional guidelines recommended
radiotherapy alone for stage I disease, concomitant chemora-
diotherapy (CCRT) for stage II disease, and induction or
adjuvant chemotherapy together with CCRT for stage III
to IVB disease. Overall, 101 study patients were treated
with radiotherapy only and 317 received CCRT; induction
chemotherapy and CCRT were delivered to 423 patients and
adjuvant chemotherapy and CCRT were delivered to 663
patients.

2.5. Followup and Statistical Analysis. Complete follow-up
data were available for 97.4%, 96.5%, and 73.6% of the 1504
patients at 3 years, 5 years, and 8 years, respectively. The
duration of followup was calculated from the first day of
treatment to either the day of death or the day of the last
examination. Patients were followedup at least once every 3
months during the first 2 years and every 6 months thereafter
until death. The median follow-up period was 110 months
(range 2–128 months).

SPSS version 16.0 (IBM, Armonk, NY) was used for
all statistical analyses and the timing of all events was
measured from the start of treatment. The time to the first
defining event was assessed for the following end points:
overall survival (OS), local relapse-free survival (LRFS),
and distant metastasis-free survival (DMFS). Actuarial rates
were calculated by the Kaplan-Meier method and compared
using the log-rank test [20]. Multivariate analyses using Cox
proportional hazards models were employed to test hazard
consistency and hazard discrimination by backward elimina-
tion of insignificant explanatory variables [21]. Two-tailed 𝑃
values of <0.05 were considered statistically significant.

3. Results

3.1. Pattern of Failure. One hundred and seventy patients
(11.3%) developed local recurrence, 220 (14.6%) developed
distant metastases, and 446 (29.7%) died. For the entire

patient population, 5-year OS, LRFS, and DMFS ± standard
deviation were 80.9% ± 1.0%, 89.7% ± 0.8%, and 86.3% ±
0.9%, respectively, and 8-year OS, LRFS, and DMFS were
70.3% ± 1.2%, 87.6% ± 0.9%, and 84.4% ± 1.0%, respectively.

3.2. Prevalence of Parapharyngeal Extension by Anatomic
Site. Of the 1504 patients, 1104 (73.4%) were diagnosed with
parapharyngeal extension. Among these 1104 patients, the
retropharyngeal and prestyloid spaces were the most com-
monly involved sites, followed by the prevertebral space,
anterior carotid space, medial pterygoid muscle, lateral
pterygoid muscle, posterior carotid space, paraoropharyn-
geal space, parotid space, and staging masticator space,
with incidences of 63.8% (960/1504), 62.5% (940/1504),
39.0% (587/1504), 29.4% (442/1504), 20.7% (311/1504), 8.8%
(132/1504), 7.4% (111/1504), 3.3% (50/1504), 2.6% (39/1504),
and 1.7% (26/1504), respectively. The most common sites of
tumor involvement were thus adjacent to the nasopharynx
and the least commonwere more distant to the nasopharynx.

3.3. Subclassification of Masticator, Carotid, and Paraoropha-
ryngeal Space Extension. The prognostic value of the grade
of lateral tumor spread was analyzed to determine an optimal
subclassification for masticator space invasion. There was no
significant difference in hazard ratio (HR) for OS, LRFS,
or DMFS between patients with lateral pterygoid muscle
invasion and those with staging masticator space invasion
(𝑃 = 0.727,𝑃 = 0.765, and𝑃 = 0.842, resp.), whereas patients
with medial pterygoid muscle invasion had significantly
lower HRs for death and distant metastasis than those with
lateral pterygoid muscle invasion (𝑃 = 0.006 and 𝑃 = 0.011,
resp.) (Table 2). When masticator space invasion was graded
as involvement of the medial pterygoid muscle versus
involvement of the lateral pterygoid muscle and beyond,
significant differences inHRs for death and distantmetastasis
were observed between the two groups (𝑃 = 0.005 and 𝑃 =
0.006, resp.; Table 2).

To investigate the prognostic significance of posterolat-
eral or inferior tumor spread, we compared differences in
HRbetween anterior and posterior carotid space involvement
and between paranasopharyngeal and paraoropharyngeal
extension. The HRs for OS, LRFS, and DMFS in patients
with anterior carotid space invasion were similar to those of
patients with posterior carotid space invasion (𝑃 = 0.618,
𝑃 = 0.621, and 𝑃 = 0.085, resp.), as were these values for
patients with paraoropharyngeal extension compared with
patients with paranasopharyngeal extension (𝑃 = 0.482, 𝑃 =
0.072, and 𝑃 = 0.312, resp.) (Table 2). These results suggest
that subclassifications of carotid space or paraoropharyngeal
extension are unnecessary.

3.4. Classification of Parapharyngeal Extension. Based on
the above findings, HRs for death according to anatomic
site (prestyloid space, carotid space, retropharyngeal space,
prevertebral space, medial pterygoid muscle, lateral ptery-
goid muscle and beyond, and parotid space) were further
analyzed to subclassify parapharyngeal extension.There were
significant differences in the HR for death between patients
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Table 2: Incidence of tumor parapharyngeal extension by anatomic site.

Anatomic site Death Local failure Distant metastasis
HR∗ (95% CI) 𝑃 HR∗ (95% CI) 𝑃 HR∗ (95% CI) 𝑃

Masticator space
None 0.551 (0.400–0.760) <0.001 0.457 (0.267–0.782) 0.004 0.394 (0.256–0.606) <0.001
Medial pterygoid muscle 0.623 (0.445–0.873) 0.006 0.940 (0.566–1.561) 0.812 0.584 (0.386–0.884) 0.011
Lateral pterygoid muscle 1 1 1
Staging masticator space 0.906 (0.522–1.573) 0.727 1.147 (0.467–2.819) 0.765 1.067 (0.563–2.023) 0.842

Masticator space
None 0.885 (0.651–1.202) 0.433 0.486 (0.302–0.780) 0.003 0.675 (0.439–1.037) 0.073
Medial pterygoid muscle 1 1 1
Lateral pterygoid muscle and beyond 1.572 (1.143–2.163) 0.005 1.091 (0.678–1.754) 0.720 1.734 (1.172–2.567) 0.006

Carotid space
None 0.735 (0.586–0.921) 0.008 0.693 (0.482–0.996) 0.048 0.689 (0.502–0.947) 0.022
Anterior carotid space 1 1 1
Posterior carotid space 1.085 (0.787–1.497) 0.618 1.035 (0.802–1.507) 0.621 1.425 (0.952–2.132) 0.085

Parapharyngeal extension
None 0.678 (0.494–0.931) 0.016 0.659 (0.395–1.099) 0.110 0.832 (0.523–1.325) 0.439
Paranasopharyngeal 1 1 1
Paraoropharyngeal 1.169 (0.756–1.809) 0.482 1.734 (0.952–3.158) 0.072 1.257 (0.857–2.213) 0.312

∗HR adjusted for age, gender, chemotherapy, T category, and N category according to the seventh edition AJCC system.
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Figure 2:HR for death according to anatomic site of parapharyngeal
extension (HR adjusted for age, gender, chemotherapy, and N
category according to the seventh edition AJCC system). PSS:
prestyloid space; RPS: retropharyngeal space; CS: carotid space;
PVS: prevertebral space; MMS: medial pterygoid muscle of masti-
cator space; LMS: lateral pterygoid muscle of masticator space and
beyond; PS: parotid space.

with T1 disease (AJCC 2010 staging system) (HR = 1) and
those with invasion of other sites. The HRs associated
with prestyloid space, carotid space, retropharyngeal space,
prevertebral space, and medial pterygoid muscle invasion
were similar to each other, whereas those associated with
the lateral pterygoid muscle and beyond and parotid space
invasion were significantly higher than the others (Figure 2).
Therefore, we propose that the parapharyngeal extension
should be divided into two grades: mild invasion (involve-
ment of medial pterygoid muscle of masticator space or
prestyloid, carotid, prevertebral, or retropharyngeal spaces)

and extensive invasion (involvement of lateral pterygoid
muscle and beyond of masticator space or parotid space).

3.5. Staging Categories for Parapharyngeal Extension. To
assess the prognostic value and staging categories for dif-
ferent degrees of parapharyngeal extension in NPC, we
divided T2–T4 patients (AJCC 2010 staging system) into four
groups: group 1, mild parapharyngeal invasion; group 2, T3
without extensive parapharyngeal invasion; group 3, all T4
(excluding patients staged as T4 because of masticator space
invasion); and group 4, extensive parapharyngeal extension.
No significant difference was observed among these groups
with respect to gender, age, N classification, or radiation
technique (Table 3). The survival curves for OS, LRFS, and
DMFS in these groups are shown in Figure 3. The OS, LRFS,
and DMFS of patients with mild parapharyngeal extension
were significantly higher than those of T3 patients without
extensive parapharyngeal extension (𝑃 = 0.015, 𝑃 = 0.008,
and 𝑃 < 0.001, resp.). By contrast, the OS, LRFS, and DMFS
of patients with extensive parapharyngeal extension were
close to those of patients with T4 disease (𝑃 = 0.052, 𝑃 =
0.193, and 𝑃 = 0.115, resp.). Hence, mild and extensive
parapharyngeal extension should be classified as stage T2 and
T4 disease, respectively.

4. Discussion

Parapharyngeal extension of NPC can occur via four path-
ways: lateral spread to the masticator space or prestyloid
space; posterolateral spread to the carotid space or parotid
space; posterior spread to the prevertebral space or retropha-
ryngeal space; and inferior spread to the paraoropharyngeal
space. In previous studies, investigators have focused on
the prognostic significance of parapharyngeal extension in
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Figure 3: OS (a), LRFS (b), and DMFS (c) curves for patients with NPC stratified according to grade of parapharyngeal extension and T
category. G1: mild parapharyngeal extension; G2: T3 without extensive parapharyngeal extension; G3: all T4 (excluding patients staged as T4
because of masticator space invasion); G4: extensive parapharyngeal extension.

NPC [1–12, 22–24]. However, the results of these studies are
somewhat unclear for several reasons. First, the definition
of parapharyngeal extension varies and always focuses on a
single pathway of spread. For example, the findings reported
byChua et al. [1] and ShamandChoy [2]were based on lateral
parapharyngeal spread; by contrast, Ma et al. [3] and Heng
et al. [4] proposed that paraoropharyngeal extension should
be included in theNPC staging system on the basis of inferior
parapharyngeal spread. Second, the outcomes ofmost studies
were based on diagnoses made by CT. With recent advances
in the diagnosis of NPC due to the widespread availability
of MRI, the management strategy and prognostic factors
for this disease have been altered [25–27]. Given these
uncertainties, it is important to reassess the prognostic value
of parapharyngeal extension and to determine its appropriate
subclassification.

To the best of our knowledge, no studies have focused on
the subclassification of lateral, posterior, posterolateral, and
inferior parapharyngeal spread in NPC. Our study was based
on MRI findings and demonstrated that parapharyngeal
extension should be subclassified into two risk grades: mild
involvement (invasion of the medial pterygoid muscle of
the masticator space or the carotid, prestyloid, preverte-
bral, or retropharyngeal space) and extensive involvement
(invasion of the lateral pterygoid muscle of the masticator
space and beyond or the parotid space). The OS, LRFS,
and DMFS of patients with mild parapharyngeal extension
were significantly higher than those of T3 patients, and
patients with extensive parapharyngeal extension had OS,
LRFS, and DMFS similar to those of patients with stage T4
disease; therefore, it seems reasonable thatmild and extensive
parapharyngeal extension should be classified as stages T2
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Table 3: Characteristics for 1504 patients with different grades of
parapharyngeal extension.

Characteristic Number of patients
𝑃

G1 G2 G3 G4
Gender

Male 171 500 202 45 0.203
Female 57 182 51 18

Age
<50 y 144 464 163 39 0.419
≥50 y 84 218 90 24

N classification
N0 39 153 43 8

0.085N1 139 414 171 42
N2-3 50 115 39 13

Radiation technique
Conventional technique 120 361 139 31

0.289IMRT 94 292 104 25
3DCRT 14 29 10 7

3DCRT: three-dimensional conformal radiotherapy; IMRT: intensity-
modulated radiation therapy; G1: mild parapharyngeal extension; G2: T3
without extensive parapharyngeal extension; G3: all T4 (excluding patients
staged as T4 because of masticator space invasion); G4: extensive parapha-
ryngeal extension.

and T4 diseases, respectively. This can offer considerable
improvement over existing methods for subclassifications of
parapharyngeal extension in patients with NPC and has the
potential to provide clinicians with reliable information for
prognostic prediction and personalizing therapy aimed at
NPC patients.

In the fifth and sixth edition AJCC staging system for
NPC, staging masticator space involvement was classified
as stage T4 disease and defined as lateral tumor extension
beyond the anterior surface of the lateral pterygoid muscle
[13, 14]. The current, seventh edition includes an adjustment
specifying tumor invasion into any part of the anatomic
masticator space as stage T4 [15]. Two recent MRI studies [11,
12] showed no significant difference in survival rate between
patients with involvement of the medial or lateral pterygoid
muscle and patients with involvement of the staging masti-
cator space and suggested that subclassification of masticator
space involvement was unnecessary. However, we observed
significant differences in OS and DMFS between patients
with involvement of themedial pterygoidmuscle and patients
with involvement of the lateral pterygoid muscle, which has
not been reported in previous studies. Therefore, we believe
that classification of masticator space spread as involvement
of the medial pterygoid muscle versus involvement of the
lateral pterygoid muscle and beyond reasonably reflects the
prognostic influence of the extent of masticator space spread
in NPC.

Carotid space invasion was an important factor in Min’s
staging system for NPC, with posterolateral tumor invasion
beyond a line drawn from the styloid process to the mid-
point of the posterior edge of the great occipital foramen
classified as stage T3 disease [5]. Two previous studies have

reported that the prognostic importance of paraorophary-
ngeal extension differs from that of paranasopharyngeal
extension in NPC [3, 4]. Several researchers have stated
that the association of severe carotid space involvement or
paraoropharyngeal extension with poor outcomes may be
attributed to inadequate dose coverage. When sufficient dose
coverage was achieved, carotid space involvement had no
significant prognostic value in terms of disease outcome [7–
10]. In the present study, all 1504 patients were treated with
conventional techniques based on CT simulation, 3DCRT, or
IMRT, which ensure better tumor dose coverage. No signifi-
cant difference in OS, LRFS, or DMFS was observed between
patients with anterior carotid space invasion and patients
with posterior carotid space invasion or between paraoropha-
ryngeal extension and paranasopharyngeal extension.There-
fore, we support the view that subclassification of carotid
space involvement or paraoropharyngeal extension in NPC
is unnecessary.

The retropharyngeal and prestyloid spaces are close to
the nasopharynx and are the most common sites of para-
pharyngeal extension inNPC.Theprevertebral space, located
behind the retropharyngeal space, is also a high risk site
for tumor involvement. Prevertebral space involvement in
hypopharyngeal or laryngeal carcinoma is regarded as unre-
sectable disease (T4b) and is usually associated with poor
survival [28]. However, excellent local control and long
term survival can be achieved in patients with prevertebral
space involvement in NPC if they are treated with curative
radiotherapy, especially IMRT. Our data indicate that the
OS, LRFS, and DMFS of patients with prevertebral space
involvement were approximately similar to those of patients
with retropharyngeal or prestyloid space involvement.There-
fore, involvement of the prevertebral space, together with
the retropharyngeal and prestyloid spaces, may be classified
as mild parapharyngeal extension. However, the prognostic
importance of parotid space involvement in NPC has not
been emphasized in previous studies. Our data indicated that
parotid gland involvement was accompanied by lateral tumor
spread to the lateral pterygoid muscle, and the prognostic
importance of parotid gland involvement in NPCwas similar
to that of lateral pterygoid muscle invasion.

It should be stressed that pathologic confirmation of
imaging findings is not possible in patients with NPC, who
are typically treated with radiotherapy rather than surgery,
thus determining the anatomic sites of parapharyngeal exten-
sion based on MRI alone could be inaccurate. Furthermore,
the generality of our results could be reduced by the fact
that some patients had incomplete follow-up data and that
patients came from an area in southern China with a high
incidence ofNPC.Therefore, our proposals should be verified
in subsequent studies.

5. Conclusions

Based on our data, we propose that parapharyngeal extension
should be subclassified as mild or extensive and that mild
and extensive parapharyngeal extension should be classified
as stage T2 and stage T4 disease, respectively. Furthermore,
these grades can facilitate staging of NPC and enable a more
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tailored therapeutic approach with improved outcomes for
this disease.
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A standard protocol of dosimetric measurements is used by the organizations responsible for verifying that the doses delivered in
radiation-therapy institutions are within authorized limits.This study evaluated a self-designed simple auditing phantom for use in
verifying the dose of radiation therapy; the phantom design, dose audit system, and clinical tests are described.Thermoluminescent
dosimeters (TLDs) were used as postal dosimeters, and mailable phantoms were produced for use in postal audits. Correction
factors are important for converting TLD readout values from phantoms into the absorbed dose in water. The phantom scatter
correction factor was used to quantify the difference in the scattered dose between a solid water phantom and homemade phantoms;
its value ranged from 1.084 to 1.031. The energy-dependence correction factor was used to compare the TLD readout of the unit
dose irradiated by audit beam energies with 60Co in the solid water phantom; its value was 0.99 to 1.01. The setup-condition factor
was used to correct for differences in dose-output calibration conditions. Clinical tests of the device calibrating the dose output
revealed that the dose deviation was within 3%. Therefore, our homemade phantoms and dosimetric system can be applied for
accurately verifying the doses applied in radiation-therapy institutions.

1. Introduction

Cooperation between the International Atomic Energy
Agency (IAEA) and the World Health Organization (WHO)
led to the implementation of the IAEA/WHO thermolumi-
nescent dosimeter (TLD) postal program for verifying the
quality of radiotherapy treatment units. Worldwide TLD-
based quality assurance networks confirmed the benefits of
this program between 1969 and 1998 [1–4]. In 2007 the IAEA
also designed a horizontal arm for use with the originally
designed holder for off-axis measurements [5]. In 1997,
ESTRO organized a new department, EQUAL, to send TLDs

and the IAEA standard holder to participating radiotherapy
treatment units in Europe and the Middle East [6]. The
organization responsible for radiotherapy quality assurance
in the United States is the Radiologic Physics Center (RPC),
which is a section of department of theMDAndersonCancer
Center at the University of Texas.

In recent years, the RPC has developed some mail-
able anthropomorphic dosimetry phantoms for use in dif-
ferent radiotherapy techniques, such as prostate intensity-
modulated radiation therapy (IMRT), head and neck IMRT,
stereotactic body radiotherapy for the liver and thorax, and
stereotaxic radiosurgery [7]. During this time, the number of
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Figure 1: (a) Self-designed simple phantom. (b) Dosimeter hole in homemade phantoms.

the participating organizations had increased. The RPC has
also provided criteria for acceptable compliance such as the
absorbed dose of external beams and brachytherapy and the
mechanical parameters of linear accelerators (LINACs). The
most important criterion has been for the delivered tumor
dose to be within 5% of the target dose.

Multipurpose phantoms have also been designed in
several countries (e.g., the Czech Republic and Poland) for
measuring multiple parameters simultaneously [8–14]. The
aim of the present study was to design a lightweight, low-
workload, easy-to-set-up, and transportable phantom for use
in mailed TLD postal audit programs. This was achieved by
considering dosimeter selection, dose-response calibration,
phantom scatter correction, and energy-dependent correc-
tion.

2. Material and Methods

The primary experiment of this study involved verifying the
dose outputs of the photon and electron beams produced
by medical LINACs. The cubic TLDs (TLD-100) were used
in this study. A 60Co source established at the Institute
of Nuclear Energy Research (INER, Taiwan) was used to
irradiate the dosimeters. The dosimeter remote-monitoring
system was tested at the INER for accuracy, stability, and
energy dependence.

2.1. Phantom Design. Various dosimeters or phantoms have
been developed for postal audit programs in recent decades.
Such mailable audit systems have been designed to be inex-
pensive, lightweight, and easy to set up precisely. Nonetheless,
these phantoms also have some disadvantages, such as the
inconvenience of a water tank being involved with the IAEA
holder and the sizes and measuring depths of RPC phantoms
change with the beam modality and beam energy.

With the aim of improving the efficiency and accuracy of
mailable phantoms, we designed an acrylic phantomwith fea-
tures of smallness, simple geometry, and depth adjustment.

The dimensions of this phantom are 110 × 110 × 100mm3
(Figure 1(a)), with its internal space containing three 90 ×
90 × 30mm3cubic layers. One layer contains a hollowed-
out 30 × 30 × 30mm3 hole to allow the TLD columns
to be changed. The TLD columns are divided into two
parts. For the direction of irradiation, the thickness of the
upper part depends on the measuring depth; the other part
contains three circular and three rectangular holes in which
dosimeters can be placed, as shown in Figure 1(b). In order
to increase the accuracy of the experiment, we can obtain
the six TLD readings in a single irradiation. Although some
aspects such as a wide field measurement range and depth
variation are not compatible with small acrylic phantoms,
our phantom offers a solution to the depth limitation by
providing the ability to adjust the three layers in the different
direction.

2.2. TLD Calibration Procedures. When developing a dose-
verification system, we needed to know which TLDs are
sufficiently stable to use as postal dosimeters. There are
various types of TLD available, which makes it difficult to
ensure linearity between responses and doses. As a first step,
we used aTLD reader (Harshaw5500) to identifywhichTLDs
in the same batch were unstable. By delivering doses of 80,
160, 240, and 80 cGy using the 60Co source at the INER, we
compared the batch average response with the response of
each TLD for the same dose.

A dose-response curve is needed to convert the TLD
response into the absorbed dose after irradiation.We divided
these stable TLDs (coefficient of variance < 3%) into 10 dose
calibration points: 10, 20, 30, 50, 100, 200, 300, 400, 500, and
800 cGy. After analyzing the TLD readout values, we used the
determination coefficient (𝑅2) of the linear fitting curve to
assess the linearity of the dose-response curve. An 𝑅2 value
greater than 0.99 was considered to indicate that the formula
was sufficiently accurate for converting the TLD response
into the actual radiation dose.



BioMed Research International 3

2.3. Determination of Absorbed Dose in Water. A TLD with a
response uncertainty of within 3%was used in this study.The
absorbed dose in water for high-energy photon and electron
beams was obtained using the following equation:

Dose (TLD, 60Co) = 𝑅 × CF × 𝑓
𝑒
× 𝑓
𝑝
× 𝑓
𝑠
, (1)

where

Dose is the absorbed dose in water for high-energy
beams,
𝑅 is the average response of the TLD,
CF is the dose-response conversion factor,
𝑓
𝑒
is the energy-dependence correction factor,
𝑓
𝑝
is the phantom scatter correction factor,
𝑓
𝑠
is the setup-condition factor.

2.3.1. Energy-Dependence Correction Factor (𝑓
𝑒
). In verifying

the dose of radiation therapy, the main objective was to
confirm the radiation doses commonly used in radiotherapy
units, such as 6 and 10MV photons and 6, 9, and 12-
MeV electron beams. Because the TLD responses differ
somewhat between high-energy beams and 60Co, the energy-
dependence correction factor (𝑓

𝑒
) should be utilized in

determinations of the absorbed dose in water. To obtain 𝑓
𝑒

for each phantom, we first used an ion chamber (Wellhofer
FC65-P) in accordance with the AAPM TG-21 protocol to
calibrate the beam output of the Varian LINAC using the air-
kerma calibration factor (𝑁

𝑘
= 4.4482 × 10

7 Gy/C) provided
in the INER ion-chamber dose calibration report. After
irradiating the TLDs with a known dose using high-energy
beams and 60Co, the response to the unit dose represented
the sensitivity, and this value was normalized to that for 60Co
as the energy-dependence correction factor according to

𝑓
𝑒
= (TLD response of unit dose from Co-60 source)

× (TLD response of unit dose

from high-energy beams)−1 .

(2)

2.3.2. Phantom Scatter Correction Factor (𝑓
𝑝
). The size of

a phantom influences the scattering dose and the charged-
particle equilibrium. Correcting for the scattering dose
between these phantoms and a water phantom is necessary.
Under the condition of fixed distances between the source
and the chamber for the photon and electron beams, we used
the ion chamber tomeasure the ionization ratio of these small
acrylic phantoms and the full-scatter solid water (30 × 30 ×
30 cm3) for high-energy beams: 6 and 10MV photon beams
and 6, 9, and 12MeV electron beams. According to AAPM
TG-21, the absorbed dose in medium is defined as

𝐷med (𝑑max) = 𝑀corrected𝑁gas𝑃repl𝑃wall (
𝐿

𝜌
)

med

gas
. (3)

Because the same ionization chamber was used to mea-
sure the 𝐷med values of acrylic and water, the 𝑁gas, 𝑃repl,

and 𝑃wall parameters are the same in these two mediums.
Therefore, the dose ratio for the solid water and postal
phantoms was defined as the phantom scatter correction
factor, calculated using the ionization ratio and the ratio of
the mean restricted mass collision stopping power:

phantom scatter correction factor

=
𝐷water
𝐷arcylic
=
𝑀water
𝑀arcylic
(
𝐿

𝜌
)

water

arcylic
.

(4)

Considering the phantom stability, we also used three
different types of LINACs (produced by Varian, Siemens, and
Elekta) and irradiated the measuring point of each phantom
at 100 MU as calculated in the reference condition.

2.3.3. Setup-Condition Factor (𝑓
𝑠
). The dose calibration con-

ditions differ for each LINAC when using photon and elec-
tron beams. These following reference points are commonly
used: (1) photon beams-SSD= 100 cm, depth = 𝑑max or SAD=
100 cm, depth = 𝑑max or SSD = 100 cm, depth = 5 cm; and (2)
electron beams-SSD = 100 cm, depth = 𝑑max.

Therefore, the factor used to convert the dose in a
mailable phantom varies with the dose calibration conditions
at each hospital. The setup-condition factors calculated for
the beam data included the tissue-air ratio (TAR), tissue-
phantom ratio (TPR), percentage depth dose, and inverse-
square law.

As an example, for 6MV photon beams, the dose refer-
ence point is represented as𝐷

𝐸
(SAD= 100 cm, depth= 5 cm),

which means that 1 MU is equal to 1 cGy. Referring to (5),
after applying the phantom scatter correction factor in (1), the
dose at a particular depth in water is𝐷

𝐴
. Then, the TAR and

inverse-square law could be used to convert𝐷
𝐴
into𝐷

𝐵
,𝐷
𝐶
,

and𝐷
𝐷
. Finally, according to the clinical units providing TPR

value, the𝐷
𝐷
was converted to𝐷

𝐸
(shown in Figure 2):

𝐷
𝐵

𝐷
𝐴

=
1

TAR (𝑑 = 1.5 cm, field size = 9.85 × 9.85 cm2)
,

𝐷
𝐶

𝐷
𝐵

= (
98.5

100
)

2

,

𝐷
𝐷

𝐷
𝐶

= TAR (𝑑 = 1.5 cm, field size = 10 × 10 cm2) ,

𝐷
𝐸

𝐷
𝐷

=
1

TPR (𝑑 = 1.5 cm, field size = 10 × 10 cm2)
.

(5)

3. Results

3.1. TLD Calibration. The above-described dose calibration
procedures allowed the TLD response to be analyzed for
10 dose points. The linear trend line equation was used
to convert the TLD response to the radiation dose. After
checking the feasibility, as indicated by𝑅2 exceeding 0.99, the
irradiated and calculated doses for the TLDs were confirmed
as being linearly dependent (Figure 3).
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Figure 3: The dose linearity of TLD (calculated dose versus
irradiated dose).

3.2. Energy-Dependence Correction Factor. The energy
dependence of high-energy beams compared with the 60Co
source at the INER is shown in Figure 4. The 𝑓

𝑒
values

were 1.005 and 1.003 for the 6 and 10-MV photon beams,
respectively, and 1.006, 0.991, and 0.993 for the 6, 9, and
12-MeV electron beams. The standard deviation of 𝑓

𝑒
was

0.73%, with no apparent variance.

3.3. Phantom Scatter Correction Factor. The phantom scatter
correction factors of the homemade self-designed phantoms
for each beam energy produced by the five LINACs are shown
in Figure 5. For the homemade phantoms, this factor was
stable and near to 1 for each of the high-energy beams.
The results for the energy-dependence correction factors
indicated that the properties of the TLD-100 were stable.This
reflects the small variance in the interactionwith high-energy
beams due to the lower atomic number.

In order to check the validity of the audit procedures
and the relative parameters, we used the ion chamber and
followed AAPM TG-21 to measure the daily output dose.
TLDs combined with two types of phantoms were exposed to
200MU.Applying (1), the TLD response was converted to the
absorbed dose in water with full scatter. The doses measured
by the ionization chamber and TLDs are compared in Table 1.
Most of the differences between the beams in the phantoms
are within ±3%, which confirms the accuracy and stability of
the phantom designed in this study.
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Table 1: The dose comparison between ionization chamber and
TLDs.

𝐷TLD (cGy) 𝐷IC (cGy) Difference (%)
6MV photon 194.48 ± 2.32 199.50 ± 1.92 −2.519%
10MV photon 197.21 ± 3.93 197.97 ± 1.87 −0.386%
6MeV electron 203.71 ± 2.04 199.32 ± 1.56 2.205%
9MeV electron 194.84 ± 3.62 198.45 ± 2.03 −1.819%
12MeV electron 198.99 ± 3.13 198.04 ± 1.58 0.478%
𝐷TLD: dose measured from TLDs; 𝐷IC: dose measured from the ionization
chamber.

4. Conclusion

Radiation-therapy institutions worldwide participate in
postal audit programs. This study investigated this process
based on consideration of the procedures of phantom setup,
dose delivery, and the formula for the absorbed dose in
water. The derived equations facilitated the easy comparison
of the reproducibility and accuracy of TLD systems. The
stable TLDs were then used in a dose-verification system,
and the dose calibration curve was found to be suitable for
converting the TLD readout value into an accurate dose. After
comparing with the measurements made using an ionization
chamber and following AAPM TG-21, the analogous doses
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calculated from TLDs indicated the validity of the correction
factors in (1). The light weight, full scattering dose, and
depth-adjusting features of the designed phantoms allow
them to be used to verify other medical-physics parameters
such as the beam quality, output factors, and wedge factors.

Powder TLDs used by the IAEA in postal audit programs
have some advantages, such as being waterproof and highly
accurate, but the present study has demonstrated that cubic
TLDs provide more convenient measurements with a low
workload.The designed phantoms and operating procedures
reported herein can be used to verify the doses applied in
radiation-therapy institutions.
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Much has been investigated to improve the beneficial effects of radiotherapy especially in that case where radioresistant behavior
is observed. Beyond simple identification of resistant phenotype the discovery and development of specific molecular targets have
demonstrated therapeutic potential in cancer treatment including radiotherapy. Alterations on transduction signaling pathway
related with MAPK cascade are the main axis in cancer cellular proliferation even as cell migration and invasiveness in irradiated
tumor cell lines; then, for that reason, more studies are in course focusing on, among others, DNA damage enhancement, apoptosis
stimulation, and growth factors receptor blockages, showing promising in vitro results highlighting molecular targets associated
with ionizing radiation as a new radiotherapy strategy to improve clinical outcome. In this review we discuss some of the main
molecular targets related with tumor cell proliferation and migration as well as their potential contributions to radiation oncology
improvements.

1. Introduction

To achieve a better understanding of the different targeted
cancer responsiveness a wide range of experimental tumors
of various histologic types have been developed for radiobio-
logical studies [1] whose effects, induced by ionizing radiation
(IR), can be investigated through many approaches, allowing
the identification of radioresistance or radiosensitivity of
human cancer cell lines [2]. There are, for instance, similar
behaviors between clonogenic repopulation in vitro applying
fractioned schedule on human squamous cell carcinoma and
patients that were treatedwith radiotherapy [3]. Nevertheless,
several target molecules into different subcellular compart-
ments related with radioresistance were already identified as
an attempt to improve cellular radiation responses and in

another aspect a number of agents targeting components of
cell signaling pathways and processes critical to neoplastic
transformation and progression are ongoing clinical devel-
opment [4]. Amongst other signaling cascades targets, there
are some related with cell dynamics in an integrin dependent
fashion that increases cancer cell migration induced by IR,
like beta-galactoside alpha-(2,6)-sialyltransferase (ST6Gal I),
that was found overexpressed in ovarian and other cancers
whose expression has been correlated to metastasis and poor
prognosis [5, 6]. In colon cancer cells IR increases the expres-
sion of ST6Gal I, which, in turn, is involved in radioresistance
and radiation-induced migration via sialylation of integrin
𝛽
1
that may be a novel target for overcoming radiation-

induced survival, especially adhesion and migration of this
kind of tumor [7, 8]. Another well-known type of molecules
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involved in cancer progression after IR is the members of a
disintegrin and metalloproteinase (ADAM) family that are
thought to mediate the shedding of epidermal growth factor
receptor (EGFR) ligands, an important signaling pathway
to cell proliferation and migration, and this event is critical
for a more soluble functional EGFR ligands yield. ADAM is
activated by IR leading to an increased triggering cell prolif-
eration cascade in irradiated melanoma cells [9], specifying
ADAM’s blockage as an attractive target to radiosensitize
this tumor type. Another important subject is radio-induced
DNA damage and its repair ability that have been largely
investigated including the role of tyrosine kinase pathways
such as the ataxia-telangiectasia mutated (ATM), a protein
kinase that is best known for its role in the DNA damage
response [10], and one recent work describes a new function
for 5-adenosine monophosphate- (AMP-) activated protein
kinase (AMPK), an established metabolic stress sensor, that
has the ability to control cellular growth and mediate cell
cycle checkpoints in cancer cells in response to low energy
levels, as a sensor of genomic stress and a participant of
the DNA damage response (DDR) pathway, highlighting the
importance of targeting AMPK as novel cancer therapeutics
for a radiosensitization of human cancer cells, mediated by
a simultaneous inhibition of the Akt and activation of the
AMPK signaling pathways [11–13].

The knowledge in tumor biology has been increased in
the last years due to cellular signaling pathways discovering,
mechanistically identified by molecular tools that allowed
investigation of an enormous range of possibilities, even
as new mathematical models have also been subsidizing
radiotherapy enhancement. The understanding and identi-
fication of specific molecular targets with significant ther-
apeutic implications in order to develop new strategies for
radiotherapy are crucial to improve patient survival without
substantially increasing toxicity.

2. Radiobiological Models

Delivery of advanced radiotherapy techniques has taken new
approaches to treatment including stereotactic irradiation
and intensity-modulated X-rays beam in order to improve
outcomes of cancer treatment and reduce damage to normal
surrounding tissues [14]. The classical well-known radiobi-
ological models are linear-quadratic (LQ) and biologically
effective dose (BED) that are widely used to estimate the
effects of various radiation schedules, but it has been sug-
gested that LQ is not applicable to high doses per fraction [15]
due to the fact that LQoverestimates effects of high daily radi-
ation doses proving that better models should be proposed
[16]. Thus, different treatment schedules applying hypofrac-
tionated radiotherapy (hRT) and other radiation modalities
such as light ions have been used with the same proposal,
even though the pattern of received dose is different from that
in conventional radiation and therefore the radiobiological
aspects of cell death are shown to be modified. Prolonged
or short radiation delivery makes sublethal damage repair,
repopulation, and reoxygenation be better evaluated specially
when amathematical model is used for dose conversion from
conventional treatment to high daily hypofractionated doses

[17]. For instance, dose conversion models as repairable-
conditionally repairable (RCR) model [18] and multitarget
(MT) model are currently recommended. When those mod-
els were compared LQ seemed to fit relatively well at doses
of 5Gy or less; at 6Gy or higher doses, RCR and MT models
seemed to be more reliable than LQ [19]. In hypofractionated
stereotactic radiotherapy, LQ model should not be used, and
conversion models incorporating the concept of RCR or MT
models, such as generalized linear-quadratic (gLQ) models,
appear to be more suitable [20, 21].

Recent investigations have highlighted differential cellu-
lar responses when submitted to intensity-modulated radi-
ation fields [22], particularly in areas outside the primary
treatment fields [23]. Differential DNA damage responses
followingmodulated radiation field delivery were found, pro-
viding an evidence for a role of intercellular communication
in mediating cellular radiobiological response to modulated
radiation fields, suggesting that advanced radiotherapy treat-
ment plans require a refinement of existing radiobiological
modeling [24]. Concerning radiobiology, DNAdouble strand
breaks (DSB) are considered to be the kind of DNA damage
responsible for most end points such as chromosome aberra-
tions and cell killing. However, due to high number of DSBs
induced by radiation at sublethal doses, it is immediately
obvious that DSB is not lethal in general, indicating that
most of induced DSBs can be rejoined or repaired correctly,
displaying the spatial distribution of DSBs as major factor
in determining lethality [25–27]. Nevertheless, a mechanistic
dose-response model has been proposed based on the con-
cept of giant loops, which constitute a level of chromatin
organization on a megabase pair length scale [28–30] that
suggests DSBs are induced within different loop domains
of DNA assumed to be processed independently by cellular
repair mechanism. Given giant loop chromatin organization
and assumption of two damage classes representing the
main point, Giant LOop Binary LEsion (GLOBLE) approach
arises as promising model [31]. This model is able to reveal
important features of dose-response curves describing cell
survival especially transitions from low to high doses in a
dose-response correlation.

The effects of combined modality treatments are investi-
gated by using mathematical models to predict cell death as
an attempt to fit LQ, MT, and gLQ models to experimental
data based on in vitro assays, demonstrating that gLQ
equation is superior to LQ and MT models in predicting
cellular death at high doses of radiotherapy [32]. A significant
increasing in biologically equivalent dose may be achieved
after addition of radiosensitizing agents to hRT as well
as linear accelerators containing new technologies such as
flattening filter free (FFF), increases instantaneous dose-rate
of X-ray pulses by a factor of 2–6 compared to conventional
flattened output [33].

New models for radiobiological cell responses have been
proposed and one of those is a simple two-parameter,
algorithmic model, which captures the essential biological
features of irradiation-induced cell death and associated cell
cycle delays. This approach estimates directly the underlying
irradiation-induced cell survival and was investigated in
mammary carcinoma cell line EMT6/Rowhere a comparison
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of estimated underlying cell survival probability with in
vitro survival probability data confirms an optimal timing
of mixed irradiation/chemotherapy treatments, leading to
a development of an accurate spatial and temporal model
of tumor progression and cell cycle dynamics [34]. It was
already proposed that concurrent chemotherapy with hRT
could be beneficial for a number ofmalignancies takingmore
variables for survival cell curves and BED calculations [35–
37]. Apparently, mathematical models concepts associated
with in vitro assays and also applying chemotherapy or
monoclonal antibodies might be contributed to radiotherapy
enhancement.

3. Radiation Sensitivity: Targets of Cellular
Proliferation Signaling Pathways

A multiplicity of approaches has been investigated in the
efforts to enhance ionizing radiation (IR) effects, particularly,
signaling cascade involved in cell proliferation.Themitogen-
activated protein kinase (MAPK) pathway transduces signals
from the cell membrane to the nucleus in response to
a variety of different stimuli and participates in various
intracellular signaling pathways that control a wide spectrum
of cellular processes, including growth, differentiation, and
stress responses, and it is known to have a key role in cancer
progression [38]. It was already demonstrated in breast cancer
cell lines MDAMB-231 that association of SphK1 antagonist
FTY720 with IR significantly increased antiproliferative and
proapoptotic effects through promoting alterations inMAPK
signaling [39]. As is already knownRaf-MEK-ERKpathway is
a key downstream effector of the Ras small GTPase, the most
frequentlymutated oncogene in human cancers; thus this sig-
naling network has been subject of intense research and phar-
maceutical scrutiny to identify novel target-based approaches
for cancer treatment [40]; then small molecule inhibitors
of MEK (PD0325901) and Akt (API-2) were subsequently
evaluated for their radiosensitizing potential alone and in
combination with pancreatic tumor cell lines demonstrating
that MEK inhibition results in growth arrest, apoptosis, and
radiosensitization of multiple preclinical pancreatic tumor
models, and these effects can be enhanced by associationwith
an Akt inhibitor [41].

Since PI3K/AKT/mTOR signaling axis controls cell pro-
liferation and survival this pathway has achieved major
importance as a target for cancer therapy [42]. It is already
known that activation of these signals is a contributing factor
to decreased radiation sensitivity [43], indicating target of
mTOR, a downstream kinase of the phosphatidylinositol 3-
kinase (PI3K)/AKT survival pathway, may be a target for
radiation sensitizing several human cancer cell lines. Its
inhibition, currently being proved, increased radiosensitivity
of some human cell lines, including SQ20B head and neck
carcinoma cells and U251 glioblastoma cells [44]. Radia-
tion sensitivity effect of NVP-BEZ235, a dual PI3K/mTOR
inhibitor, reveals enhancement of apoptosis in human glioma
cells, as well as cell cycle arrest, resulting in striking tumor
radiosensitization, which extended the survival of brain
tumor-bearing mice [45–47]. Likewise, NVP-BEZ235 promi-
nently improved the radiosensitivity of PC-3 prostate cancer

cells through inducing a G
2
/M arrest and enhanced proapop-

totic effect after combined IR [48]. Another study applied
the inhibitor RAD001 associated with ionizing radiation in
six bladder tumor cell lines: UM-UC3, UM-UC5, UM-UC6,
KU7, 253J-BV, and 253-JP, showing arrest in both G

1
and G

2

phases of cell cycle when treatments are carried out together,
primarily regulated by changes in the levels of cyclin D1, p27,
and p21, suggesting that alterations of cell cycle by inhibiting
the mTOR signaling pathway in combination with radiation
have favorable outcomes and it is a promising therapeutic
modality for bladder cancer [49].

The epidermal growth factor receptor (EGFR) is fre-
quently overexpressed in malignant tumors, and its level is
correlated with increased cellular radioresistance [50]. One
of the defined mechanisms is that EGFR amplification or
Ras activation by mutations results in increased clonogenic
cell survival and decreased tumor growth delay following
irradiation [51]. There is, for instance, a current opinion
about therapeutics that target EGFR might enhance the
cytotoxic effects of IR. One of these approaches are the
humanized monoclonal antibodies, used as anticancer ther-
apy and expected to improve the effectiveness of current
therapy to stimulate radiation sensitization; amongst other
targets, EGFR blockage (cetuximab), EGFR tyrosine kinase
inhibitors (gefitinib), and vascular endothelial growth factor
(VEGF) inhibitors such as bevacizumab are still under inves-
tigation [52–56]. Cetuximab and IR have shown promising
results when performed concomitantly. Previous data have
shown that use of monoclonal antibody cetuximab (C225)
improves local tumor control after irradiation in FaDu
human squamous cell carcinoma (hSCC) due to decreasing
repopulation and improving reoxygenation effects as well
[57]. Recently, cetuximab was approved for the treatment of
patients with recurrent metastatic head and neck squamous
cell carcinoma (HNSCC) [58] and phase I/II clinical trials
combining bevacizumab with conventional treatments have
been performed in advanced/recurrent HNSCC patients.
EGFR tyrosine kinase inhibitor (E-TKI) promoted radiosen-
sitization of non-small cell lung cancer (NSCLC) A549 and
H3255 cells, with low nitric oxide levels, due to suppression
of cell viability when associated with IR [59]. A positive
correlation between the presence of a KRAS mutation and
radiosensitization after treatment with the EGFR inhibitors
erlotinib and cetuximab in several non-small cell lung
lineages was lately demonstrated [60]. In addition, it was
noticed, for instance, that radiation-induced upregulation
of hypoxia-inducible factor-1 alpha (HIF-1𝛼) was completely
abolished by simultaneous treatment of HNSCC cells with
cetuximab [61]. Despite the promising results of applying
cetuximab, radiosensitization effect was lost in head and neck
tumor cells overexpressing Ras family members such as K-
Ras, N-Ras, and H-Ras proteins even as EGFR-independent
activation of the RAS/RAF/MEK/MAPK pathway [62–64].

The humanized anti-VEGF monoclonal antibody beva-
cizumab has single agent activity in previously treated and
recurrent cervical, ovarian, and colorectal cancer diseases
[65–68], even as tumor sensitivity to adjuvant radiother-
apy improvement [69, 70]. The mechanisms of interac-
tion between antiangiogenic agents and IR are complex
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and involve interactions between tumor cells and tumor
microenvironment, including tumor oxygenation, stroma,
and vasculature. Radiation resistance of solid tumors toward
photon irradiation is caused by attenuation of DNA damage
in less oxygenated tumor areas and by increased hypoxia-
inducible factor- (HIF-) 1 signaling [71]. When the antian-
giogenesis drug Endostar combined with radiotherapy was
applied on A549 cells, increased radiation sensitivity by
transcriptional factors expression reduction of TGF-𝛽

1
and

HIF-1𝛼was noticed [72], and it was observed in human colon
adenocarcinoma cell line WiDr surviving after radiation
therapy by acquiringHIF-1 activity and translocation towards
tumor blood vessels in a dependent cellular dynamics after
irradiation recurrence, what might suggest basis for targeting
HIF-1 after radiation therapy [73, 74], especially in hypoxic
tumors.

Interestingly, another promising target to radiosensitize
tumors resistant to irradiation is nucleoplasmic calcium.
The role of nuclear calcium in tumor cell proliferation was
previously determined in HepG2 cells showing decreased
proliferation rate under low nuclear Ca2+ concentrations
due to a mitotic blocking induced by buffering of nuclear
Ca2+ [75]. Even though the mechanism by which nuclear
Ca2+ regulates cell proliferation is not completely understood,
there are reports demonstrating that activation of tyrosine
kinase receptors (RTKs) leads to translocation of RTKs to the
nucleus to generate localized nuclear Ca2+ signaling which
are believed to modulate cell proliferation [76]. We were
the first research group who established that nuclear Ca2+
buffering decreases EGFR expression, and also the radiosen-
sitization effect of association between nucleoplasmic Ca2+
buffering and X-rays in human squamous cell carcinoma
A431, preventing ADAM-17 overexpression, induced by IR.
Furthermore, this association promoted less tumor cells
proliferation and reduced their survival fractions [77], sug-
gesting nucleoplasmic Ca2+ as a new target to radiosensitize
squamous cell carcinoma.

4. DNA Damage Improvements via PARP and
DNA-PKcs Inhibitors

The concept of DNA repair centers and the meaning of
radiation-induced foci in human cells have remained con-
troversial in spite of evidences for formation of these repair
centers in a dose-response nonlinearity manner [78]. While
IR induces a variety of DNA lesions, including base damage
and single strand breaks, DNA double strand break (DSB)
is widely considered as the lesion responsible not only for
the aimed cell killing of tumor cells, but also for the general
genomic instability [79]. As part of an intricate repair com-
plex, poly(ADP-ribose)polymerase 1 (PARP1), functioning
as DNA nick-sensor, interacting with base excision repair
DNA intermediates containing single strand breaks [80, 81].
Some researchers have shown that PARP inhibitors (PARPi)
enhance the cytotoxicity effects of gamma and X-irradiation
and alkylating agents, at least when tumor sensitization
exceeds effects on normal tissues which could improve
clinical outcomes [82, 83].These inhibitors have gained recent

attention due to their unique selectivity in killing tumors
with defective DNA repair; therefore, achieving interesting
results, by improved radiation sensitivity in UM-SCC1, UM-
SCC6, and FaDu cancer cells that, used with cetuximab,
decreased nonhomologous end joining (NHEJ) and homol-
ogous recombination (HR), mediated DNA double strand
break [84]. When olaparib, a potent PARP-1 inhibitor, was
investigated in Calu-6 and A549 cells, a human NSCLC,
persistentDNAdouble strand breaks for at least 24 hours after
treatment in combinationwith IRwere found, demonstrating
radiosensitization to lung cancer cells [85]. Moreover, PARPi
was also proposed as a radiosensitizer to Glioblastoma-
initiating cells [86, 87] even as another PARP inhibitor ABT-
888 (veliparib) enhanced the radiation response of prostate
cancer cell lines DU-145 and PC-3 that efficiently promoted
abundant senescent cells displaying persistent DNA damage
foci, and, in human head and neck cancer cells, improved
cytotoxicity with ABT-888 and IR was found, compared to
either agent alone [88, 89]. Inhibition of histone deacetylases
(HDACs) also increases DNA damage, as was noted in A549
lung,DLD-1 colorectal,MiaPaCa2 pancreatic, andUT-SCC15
head and neck squamous cell carcinoma cells, treated with
NDACI054 histone deacetylase inhibitor that showed a sig-
nificant intensification of residual 𝛾-H2AX/p53BP1-positive
foci leading to radiosensitization of these cell lines [90]. In
the same way, decay of 𝛾-H2AX foci correlates with p53
functionality and potentially lethal damage repair in human
colorectal carcinoma RKO and prostate cancer DU-145 cells
[24, 91]. An alternative treatment strategy to interferewith the
proliferative pathways is to apply nimotuzumab, a humanized
IgG
1
monoclonal antibody that specifically targets EGFR in

combinationwith IR [92]. Because of the inhibition of nuclear
translocation of EGFR, nimotuzumab and also cetuximab,
both antibodies, induce radiosensitization increasing the
percentage of dead/dying cells and the yield of 𝛾-H2AX
foci being able to promote intensification of radiosensitivity
of malignant cells expressing EGFR and offer potential
improving of therapeutic index of radiotherapy [93]. A
significant inhibition of radio-induced DNA damage repair,
due to inhibited activation of DNA-dependent kinase cat-
alytic subunits (DNA-PKcs) through blocking the PI3K/AKT
pathway in A549 cells and MCF-7 breast cancer cells, was
observed [92]. In another work, transfected HeLa cells with
the anti-DPK3-scFv gene resulted in more sensitivity to IR
and diminished DNA repair, which could indicate blockage
of DPK3-scFv via targeting DNA-PKcs as a novel biological
radiosensitizer for cancer treatment [94]. Table 1 summarizes
somemolecular targets investigated in their respective tumor
cell lines.

5. Apoptosis Signaling Pathway Target

Apoptosis is a programmed cell death that is currently of
intense research interest in cancer biology and it was already
established that expression levels of Bcl-2 family proteins in
tumors can modulate apoptosis, influencing tumor behavior
and treatment [95], and also, in another way, apoptosis can
be triggered intrinsically or extrinsically by DNA damage or
other types of severe cellular injures such as reactive oxygen
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Table 1: Molecular targets related with intracellular signaling pathways in different tumor cell lines.

Tumor type Cell line Proliferation
targets Migration targets Angiogenesis

targets DNA targets

Breast MDAMB-231
MCF-7

SphK1
Akt

PGE2
MMP-2 DNA-PKcs

Head and neck

SQ20B
FaDu
A431

UM-SCC1
UM-SCC6
UT-SCC15

PI3K/mTOR
EGFR

ADAM-17
nuclear Ca2+

HIF-1𝛼
PARP
HDAC
p53

Glioblastoma U251 PI3KmTOR 𝛼v𝛽3

Bladder

UM-UC3
UM-UC5
UM-UC6
KU7

253J-BV
253-JP

mTOR
cyclin D1

p27
p21

Lung
A549
H3255
Calu-6

EGFR
E-TKI
PI3KAkt

Akt2
TGF
𝛽

𝛼2𝛽1
Src

COX-2
MMP-9

VEGFR
TGF-𝛽1

PARP-1
HDAC

Colorectal
WiDr
DLD-1
RKO
KM20

EGFR
PI3KmTOR

Akt2
TGF
𝛽

ST6Gal I
HIF-1𝛼 HDAC

Prostate PC-3
DU-145 PI3KmTOR PARP-1

p53

Cervix HeLa
FIR PI3K p65 NF-kB DNA-PKcs

Liver
HepG2

McA-RH77
KM20

nuclear Ca2+
PI3KAkt

MMP-2
MMP-9 VEGF

species [96]. For example, Bcl-2 gene has been revealed
to be overexpressed in oral cancers predicting outcome in
patients treated with definitive radiotherapy [97]. One of
the investigated mechanisms of cell death is related with
radiation-induced resistance of tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) receptor, an important
protein related with failure of recurrent laryngeal cancer. It
was suggested that hypermethylation of DR4 CpG island
can promote TRAIL radioresistance [98]. Changes in gene
expression levels have largely been studied in several cancer
types even as their regulatory mechanisms and additionally,
microRNAs, a class of endogenous, small noncoding RNAs
that negatively regulates gene expression, are considered a
new subject of cancer therapy investigation. Recent studies
showed that miR-193a-3p was able to radiosensitize both U-
251 and HeLa cells by accumulation of intracellular reactive
oxygen species increasing DNA damage and also apop-
tosis directly targeting the antiapoptotic Mcl-1 gene [99],
while silencing miR-21 in radioresistant NSCLC A549 cells
sensitized them to IR by inhibiting cell proliferation and

enhancing cell apoptosis through inhibition of PI3K/Akt
signaling pathway [100]. The synergistic effect of resvera-
trol and IR has been shown in different cancer cell lines
effectively acting by enhancing expression of antiproliferative
and proapoptotic molecules and inhibiting proproliferative
and antiapoptotic molecules, leading to induction of apop-
tosis through various pathways suggesting resveratrol plus
radiotherapy as a therapeutic promise in the near future
[101].

Recent investigations have been suggesting autophagy as
a cell death pathway that may mediate cancer cells sensitivity
to IR even though it could originate a protective mecha-
nism against the treatment itself by removing proteins and
organelles that are damaged or, alternatively, produce an
effective cell death process [102]. Inhibition of autophagy
could sensitize tumor cells tomany cytotoxic drugs or reverse
resistance to chemotherapeutic drugs, representing a promis-
ing strategy to improve the efficacy of cancer treatment
[103]. However, the autophagic responses of cancer cells to
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antineoplastic therapy, including IR, remain a controversial
issue.

6. Migration and Invasion Pathways Target

Irradiation of primary tumor might promote invasion and
favor metastasis by upregulating the expression of genes and
activating signaling pathways that are involved in migration
and motility. One of the principal pathways involved in alter-
ation of migratory activities is PI3K/Akt signaling pathway
that has been implicated in driving metastatic phenotype
in thyroid [104], breast [105], and other cancers [106], and
PI3K activity is further increased by radiotherapy in cer-
tain tumors [107, 108]. Activation of this signaling pathway
promotes metastatic transition via stimulation of epithelial-
mesenchymal transition (EMT), even as enhancement of
migration and invasion [106].

Besides being related to proliferation cascade responses,
Akt2, one of the specific isoforms of Aktwhich is downstream
of PI3K, plays important role in promotion of cell migration
and invasion. In a xenograft model of colorectal cancer,
knockdown of Akt2 in KM20 cell line inhibits liver metasta-
sis; the converse is observed when constitutively active Myr-
Akt2 is expressed [109]. It has been noticed that activation
of Akt2 increases cell invasion and metastasis of breast and
ovarian cancer cells through upregulated integrin signaling
[110]; its inactivation also inhibits glioma cell invasion [111]
and knockdown of Akt2, rather than Akt1, in the cell line
A549 dramatically abolishes its invasive potential [112].

A growing number of studies demonstrate that IR may
enhance the migratory and invasive properties of cancer cells
via induction of epithelial-mesenchymal transition (EMT).
EMT is an embryonic program important for organogenesis
in normal development, but its dysfunction can help the sur-
vival and dissemination of cancer cells that is characterized
by loss of cell-cell contacts, decreased expression of epithelial
markers E-cadherin, beta-catenin, and ZO-1, remodeling of
the actin cytoskeleton, and increased expression of mes-
enchymal markers N-cadherin, fibronectin, and vimentin.
Several transcription factors have been discovered that can
initiate and maintain this process, including Snail, Twist, and
Zeb [113]. Furthermore, transforming growth factor beta1
(TGF
𝛽
) is a tumor promoter and potent inducer of EMT,

though it can be a tumor suppressor during the initial stage of
tumorigenesis. Ionizing radiation is able to enhance expres-
sion of TGF

𝛽
in various cell lines. This enhancement occurs

along with increase of mesenchymal markers and decrease
of epithelial markers, as well as alterations in migratory and
invasive capabilities of the cells [114, 115]. However, IR is
shown to induce TGF

𝛽
activation in vivo and sensitize even

nonmalignant mammary epithelial cells to undergo TGF
𝛽
-

mediated EMT [116]. In colorectal cancer IR induces an
alteration to a malignant phenotype consistent with EMT in
vitro [117].Moreover, TGF

𝛽
is known to bemaster regulator of

EMT, and IR-induced EMT can be reversed by its inhibition;
nonetheless other pathways of EMT induction exist as well.
Events associated with EMT induced by IR could be reversed
through inhibition of TGF

𝛽
signaling with TGF

𝛽
R inhibitor

SB431542 as was already found in A549 cell line [115].

Another mechanism observed in cervical cancer cells (FIR
cells) showed EMT induced by irradiation is dependent on
activation of p65 subunit of NF-𝜅B [118]. Pharmacological
inhibition of Akt with GSK690693 blocks the expression
of ZEB1 and vimentin and restores the expression of E-
cadherin following IR, thus preventing the migration and
EMT of nasopharyngeal carcinoma cell lines [119] even as
knockdown of Akt2 induces reversion of the EMT process in
mammary epithelial cell lines [120]. Cell motility on various
substrates as well as penetration of membranes is mediated
by integrins expressed on the cell surface. Expression of
𝛼v𝛽
3
in glioma cells [108] and 𝛼

5
𝛽
1
in pancreatic cancer

[121] is upregulated after IR, facilitating cell migration and
invasion. Likewise, integrin 𝛼

3
𝛽
1
is overexpressed after IR,

promoting the migration of meningioma cells via focal
adhesion kinase and extracellular signal-regulated kinase
[122]. Moreover, integrin 𝛼

2
𝛽
1
is selectively upregulated in

irradiated lung cancer cells and is required for aggressive
phenotype and invasion in 3D collagen gels and such inva-
siveness ismediated via PI3K/Akt signaling pathway and then
invasion speed in vitro can be reduced significantly by PI3K
inhibitor LY294002 [123]. Additionally, integrin expression
plays role in activation of MMP-2: interaction of MMP-2
with 𝛼v𝛽

3
integrin is required during its maturation and

activation demonstrating localization of active MMP-2 and
𝛼v𝛽
3
integrin at the migration front accelerates cancer cell

migration [124, 125].
Pharmacological inhibition of integrin dependent sig-

naling pathways can be assumed as one of the promising
approaches for combined therapy with IR. The function-
blocking anti-𝛼v𝛽

3
monoclonal antibody 17E6 and 𝛼v𝛽

3
/

𝛼v𝛽
5
specific antagonist EMD121974 (cilengitide) inhibit in

vitro matrigel invasion and lung metastasis formation of
tumor cells growing in a preirradiated microenvironment
[126] and Cilengitide demonstrates strong antimigratory
properties inmeningioma cells in vitro, through combination
with IR that allows achieving significant decrease of tumor
volumes using intracranial model of human meningioma
[127].

Nonreceptor tyrosine kinase Src is often activated in
various types of cancer via mutations or growth factor signal-
ing pathways including insulin-like growth factor-1 receptor
(IGFR-1), EGFR, and platelet-derived growth factor receptor
(PDGFR).Then, Src plays an important role in focal adhesion
disassembly since its expression results in disruption of focal
adhesions and stress fibers leading to the loss of adhesion to
the extracellular matrix [128]. This Src-mediated disruption
of focal adhesions leads to a decrease in cell-cell and cell-ECM
adhesion and is an important process central to cellmigration
and invasion. In addition to its effects on motility, Src may
enhance cellular invasion by regulating the expression of
MMPs and tissue inhibitors of metalloproteinases [129]. In
lung cancer cells EGFR signaling appears to be the dominant
mechanism of Src activation. It was already noted that inhibi-
tion of Src with submicromolar concentrations of AZD0530
blocks Src and focal adhesion kinase, resulting in significant
inhibition of cell migration and matrigel invasion in NSCLC
cells [130] suggesting key tyrosine kinase target molecules,
combiningwith IR as a promising radiotherapy enhancement
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to impair proliferation and invasiveness.Therefore inhibitors
of these signaling pathways as part of combination therapy
with IR can significantly ameliorate side effect of irradiation.
Figure 1 shows a scheme of cellular signaling pathways related
with tumor cell progression.

7. Ionizing Radiation and
Microenvironment Interface

Enhancement of invasiveness in response to IR can be
caused not only by alterations in cancer cell gene expression
profile, which increase cell motility and migratory capacities,
but also due to modulation of tumor microenvironment.
Irradiated tumor microenvironment may exert potential
tumor-promoting effects and tumors growing within a pre-
viously irradiated bed tend to be more metastatic [126].
Extracellular cellmatrixmodifications that favor invasiveness
are dependent on expression of such enzymes as matrix
metalloproteinases (MMPs) MMP-2, MMP-9 and urokinase
plasminogen activator (uPA), as well. It is known that
expression of these molecules as well as cytokines, which

promote invasion in cancer cells, can be induced by IR both
in cancer and in stromal cells. Increased levels of MMP-
9 and uPA are found in conditioned medium of irradi-
ated neuroblastoma cells [131]. Furthermore, conditioned
medium from irradiated nonparenchymal liver cells contains
elevated amounts of MMP-2, MMP-9, EGF, and VEGF and
promotes invasiveness of sublethally irradiated cultures in
hepatoma cell line McA-RH77 [132]. Notwithstanding, pro-
teolytic enzyme urokinase plasminogen activator is upreg-
ulated after irradiation in the IOMM-Lee meningioma cells
via activation of EGFR,MEK1/2, and p38 signaling pathways,
which results in increased tumor invasion and migration
in vitro. Additionally, inhibitors of these signaling pathways
with specific inhibitors AG1478, U0126, and SB203580 show
decrease of uPA levels in both basal and irradiated-IOMM-
Lee cells [133]. Some proteinases which are expressed by
advancing cells of metastatic tumor MMPs are believed to
play major role in tumor invasion as they can destroy almost
all of basement membrane macromolecules. Injury to the
basement membrane can result in the release of proinvasive
growth factors which can further stimulate the expression of
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MMPs [134, 135]. Lewis lung carcinoma cells irradiated in
dose of 7.5 Gy demonstrate enhanced expression of MMP-9
and increased invasiveness in vitro. When transplanted sub-
cutaneously after subsequent irradiation in xenograft model
these cells also have greater lung metastatic potential which
is MMP-9 dependent and can be reduced by prototypical
MMP-9 inhibitor zoledronic acid [136]. Proteasome inhibitor
MG132 potentiates the effect of radiation against the growth
andmetastasis inNSCLC cells in nontoxic dose. Pretreatment
with MG132 followed by irradiation in dose of 4Gy in vitro
is shown to suppress cell migration and invasion abilities in
A549 and H1299 cancer cell lines, which is accompanied by
decreased expression of MMP-2 and MMP-9 in NSCLC cell
lines [137]. Irradiation in dose of 5Gy is shown to induce
COX-2 activation in fibroblasts which leads to increased
invasiveness of MDAMB-231 cells, cocultivated with these
irradiated fibroblasts. This effect is due to PGE2-dependent
induction ofMMP-2 expression inMDAMB-231 cells and can
be completely reversed by COX-2 inhibitor, NS-398 [138].

Pharmacological inhibition of PI3K/Akt signaling path-
way has a great therapeutic potential when combined with
IR. In thyroid carcinoma cells PI3K inhibitor GDC0941 sig-
nificantly inhibits lung metastasis in mice bearing irradiated
follicular thyroid carcinoma cells. It is of interest that PI3K
is not activated in these cells by IR in vitro, which means
that tumor microenvironment is involved in antimetastatic
activities of GDC0941 [139].

Many protocols of irradiation therapy involve irradiation
of not only the tumor itself but also nonmalignant cells
which surround tumor. As a stress stimulus, irradiation
changes significantly gene expression profile of these cells
and therefore causes modulation of microenvironment [140].
Enhanced expression of genes associated with proinflamma-
tory response, like COX2 andMMPs, leads to reorganization
of extracellular matrix facilitating invasiveness of tumor cells.
Inhibition of these signaling pathways in cells of tumor
microenvironment can become a promising approach for
enhancement of positive effect of radiotherapy.

8. Conclusions and Future Perspectives

The increased understanding of the molecular processes
underlying cellular sensitivity to IR has led to the identi-
fication of novel targets for intervention [87]; combining
molecular targeted therapies and radiation may allow for
reducing radiation toxicities and improving treatment out-
comes [141]. Not only traditional photon therapy but also
other modalities applying charged particles can be improved
and investigations are being developed, for instance, hadron-
therapy, a form of external radiation therapy, which uses
beams of charged particles such as carbon ions [71]. Inter-
esting changes at gene level response were achieved in
PC-3 prostate cancer cells applying carbon ion irradiation
[142] and the hypoxia-induced radioresistance to X-rays
can be overcome by carbon-ion beams in SCCVII cell line
[143]. Gene therapy also rises as new approach to improve
radiosensitivity combining two or more targeting genes.
For example, the coexpression of doublecortin (DCX) with
secreted protein and rich in cysteine (SPARC) collaboratively

diminished radioresistance of glioma cells, interfering with
cell cycle turnover and increased irradiation-induced apop-
tosis [144]. Interestingly, anticancer effects of metformin,
the most widely used drug for type II diabetes, alone or in
combination with IR, were found radiosensitizing MCF-7
human breast cancer cells and FSaIImouse fibrosarcoma cells
by inactivation of mTOR and suppression of its downstream
effectors S6K1 and 4EBP1 [145].

The trend of radiation therapy improvements has been
focused on tyrosine kinase cascade, the principal signaling
pathway to development of new target molecules whose
members play a pivotal role on cellular proliferation asmigra-
tion and tumor invasivenessmediators. Predictable responses
might be achieved based on combined IR with specific
target molecules able to inhibit overexpressed proteins after
radiation exposure. In addition, molecular targeted therapy
based on signal transduction pathway alterations detected
in cancer offers a tailored treatment possibility including
improvements on radiation therapy. Thereby, uses of radio-
therapy according to predictive markers would potentially
reduce costly over treatment, improve the treatment risk-
benefit ratio and cancer outcomes [146], providing further
evidence for the importance of intercellular signaling in
modulated exposures, where dose gradients are present, and
may inform the refinement of established radiobiological
models to facilitate the optimization of advanced radio-
therapy treatment plans [147]. Furthermore, new models
reproducing clinical conditions as closely as possible are
needed for radiobiological studies to provide information
that can be translated from bench to bedside [148].

Some questions arise concerning how to maximize IR
effects combinedwith these newmolecular targets as possible
strategies including optimization of dosage and radiation
schedule leading tomanagement of toxicities. Further in vitro
studies are necessary even as systematic reviews focusing on
radiobiology and broad molecular targets especially against
PI3K/AKT/mTOR pathway that is involved on cellular prolif-
eration as cell migration signaling for the purpose of achiev-
ing the best outcome associated with IR to the radiotherapy
of the future.
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Casacó, “Radiosensitization induced by the anti-epidermal
growth factor receptor monoclonal antibodies cetuximab and
nimotuzumab in A431 cells,” Cancer Biology and Therapy, vol.
13, no. 2, pp. 71–76, 2012.

[94] L. Du, L.-J. Zhou, X.-J. Pan et al., “Radiosensitization and
growth inhibition of cancer cells mediated by an scFv antibody
gene against DNA-PKcs in vitro and in vivo,” Radiation Oncol-
ogy, vol. 5, article 70, no. 1, 2010.

[95] S.Mallick, R. Patil, R. Gyanchandani et al., “Human oral cancers
have altered expression of Bcl-2 family members and increased
expression of the anti-apoptotic splice variant of Mcl-l,” Journal
of Pathology, vol. 217, no. 3, pp. 398–407, 2009.

[96] T. Kondo, “Radiation-induced cell death and its mechanisms,”
Radiation Emergency Medicine, vol. 2, no. 1, pp. 1–4, 2013.

[97] V. C. Palve and T. R. Teni, “Association of anti-apoptotic Mcl-
1L isoform expression with radioresistance of oral squamous
carcinoma cells,” Radiation Oncology, vol. 7, no. 1, article 135,
2012.

[98] J. C. Lee, W. H. Lee, Y. J. Min, H. J. Cha, M. W. Han, and H.
W. Chang, “Development of TRAIL resistance by radiation-
induced hypermethylation of DR4 CpG island in recurrent
laryngeal squamous cell carcinoma,” International Journal of
RadiationOncology. Biology. Physics, vol. 88, no. 5, pp. 1203–1211,
2014.

[99] J.-E. Kwon, B.-Y. Kim, S.-Y. Kwak, I.-H. Bae, and Y.-H. Han,
“Ionizing radiation-inducible microRNA miR-193a-3p induces
apoptosis by directly targeting Mcl-1,” Apoptosis, vol. 18, no. 7,
pp. 896–909, 2013.

[100] Y. Ma, H. Xia, Y. Liu, and M. Li, “Silencing miR-21 sensitizes
non-small cell lung cancer A549 cells to ionizing radiation
through inhibition of PI3K/Akt,” Int, vol. 2014, Article ID
617868, 6 pages, 2014.

[101] L. Kma, “Synergistic effect of resveratrol and radiotherapy in
control of cancers,” Asian Pacific Journal of Cancer Prevention,
vol. 14, no. 11, pp. 6197–6208, 2013.

[102] S. Palumbo and S. Comincini, “Autophagy and ionizing radia-
tion in tumors: the “survive or not survive” dilemma,” Journal
of Cellular Physiology, vol. 228, no. 1, pp. 1–8, 2013.

[103] H. Rikiishi, “Autophagic action of new targeting agents in head
and neck oncology,” Cancer Biology and Therapy, vol. 13, no. 11,
pp. 978–991, 2012.

[104] J. E. Paes andM.D. Ringel, “Dysregulation of the phosphatidyli-
nositol 3-kinase pathway in thyroid neoplasia,” Endocrinology
andMetabolism Clinics of North America, vol. 37, no. 2, pp. 375–
387, 2008.

[105] M.Qiao, J. D. Iglehart, andA. B. Pardee, “Metastatic potential of
21T human breast cancer cells depends on Akt/protein kinase B
activation,” Cancer Research, vol. 67, no. 11, pp. 5293–5299, 2007.

[106] L. Larue and A. Bellacosa, “Epithelial-mesenchymal transition
in development and cancer: role of phosphatidylinositol 3
kinase/AKT pathways,” Oncogene, vol. 24, no. 50, pp. 7443–
7454, 2005.

[107] A. C. Pickhard, J. Margraf, A. Knopf et al., “Inhibition of radia-
tion induced migration of human head and neck squamous cell
carcinoma cells by blocking of EGF receptor pathways,” BMC
Cancer, vol. 11, article 388, 2011.

[108] C. Wild-Bode, M.Weller, A. Rimner, J. Dichgans, andW.Wick,
“Sublethal irradiation promotes migration and invasiveness of
glioma cells: implications for radiotherapy of human glioblas-
toma,” Cancer Research, vol. 61, no. 6, pp. 2744–2750, 2001.

[109] P. G. Rychahou, J. Kang, P. Gulhati et al., “Akt2 overexpression
plays a critical role in the establishment of colorectal cancer
metastasis,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 105, no. 51, pp. 20315–20320,
2008.

[110] M. J. Arboleda, J. F. Lyons, F. F. Kabbinavar et al., “Overexpres-
sion of AKT2/protein kinase B𝛽 leads to up-regulation of 𝛽1
integrins, increased invasion, and metastasis of human breast
and ovarian cancer cells,”Cancer Research, vol. 63, no. 1, pp. 196–
206, 2003.

[111] P. Pu, C. Kang, J. Li, and H. Jiang, “Antisense and dominant-
negative AKT2 cDNA inhibits glioma cell invasion,” Tumor
Biology, vol. 25, no. 4, pp. 172–178, 2004.

[112] G. Sithanandam, L.W. Fornwald, J. Fields, and L. M. Anderson,
“Inactivation of ErbB3 by siRNA promotes apoptosis and atten-
uates growth and invasiveness of human lung adenocarcinoma
cell line A549,” Oncogene, vol. 24, no. 11, pp. 1847–1859, 2005.

[113] J. P. Thiery, H. Acloque, R. Y. J. Huang, and M. A. Nieto,
“Epithelial-mesenchymal transitions in development and dis-
ease,” Cell, vol. 139, no. 5, pp. 871–890, 2009.

[114] X. Zhang, X. Li, N. Zhang, Q. Yang, and M. S. Moran, “Low
doses ionizing radiation enhances the invasiveness of breast
cancer cells by inducing epithelial-mesenchymal transition,”
Biochemical and Biophysical Research Communications, vol. 412,
no. 1, pp. 188–192, 2011.

[115] Y.-C. Zhou, J.-Y. Liu, J. Li et al., “Ionizing radiation promotes
migration and invasion of cancer cells through transforming
growth factor-𝛽-mediated epithelial-mesenchymal transition,”
International Journal of Radiation Oncology Biology Physics, vol.
81, no. 5, pp. 1530–1537, 2011.

[116] K. L. Andarawewa, A. C. Erickson, W. S. Chou et al., “Ionizing
radiation predisposes nonmalignant human mammary epithe-
lial cells to undergo transforming growth factor 𝛽-induced
epithelial to mesenchymal transition,” Cancer Research, vol. 67,
no. 18, pp. 8662–8670, 2007.

[117] A. Kawamoto, T. Yokoe, K. Tanaka et al., “Radiation induces
epithelial-mesenchymal transition in colorectal cancer cells,”
Oncology Reports, vol. 27, no. 1, pp. 51–57, 2012.

[118] S. Yan, Y. Wang, Q. Yang et al., “Low-dose radiation-induced
epithelial-mesenchymal transition through NF-𝜅B in cervical
cancer cells,” International Journal of Oncology, vol. 42, no. 5,
pp. 1801–1806, 2013.

[119] W. Chen, S. Wu, G. Zhang, W. Wang, and Y. Shi, “Effect
of AKT inhibition on epithelial-mesenchymal transition and
ZEB1-potentiated radiotherapy in nasopharyngeal carcinoma,”
Oncology Letters, vol. 6, no. 5, pp. 1234–1240, 2013.

[120] H. Y. Irie, R. V. Pearline, D. Grueneberg et al., “Distinct roles
of Akt1 and Akt2 in regulating cell migration and epithelial-
mesenchymal transition,” Journal of Cell Biology, vol. 171, no. 6,
pp. 1023–1034, 2005.

[121] H. Yao, Z.-Z. Zeng, K. S. Fay et al., “Role of 𝛼
5
𝛽
1
integrin up-

regulation in radiation-induced invasion by human pancreatic
cancer cells,” Translational Oncology, vol. 4, no. 5, pp. 282–292,
2011.



BioMed Research International 13

[122] V. R. Gogineni, A. K. Nalla, R. Gupta et al., “𝛼3𝛽1 integrin
promotes radiation-induced migration of meningioma cells,”
International Journal of Oncology, vol. 38, no. 6, pp. 1615–1624,
2011.

[123] B. Xue, W. Wu, K. Huang et al., “Stromal cell-derived factor-1
(SDF-1) enhances cells invasion by 𝛼v𝛽6 integrin-mediated sig-
naling in ovarian cancer,” Molecular and Cellular Biochemistry,
vol. 380, no. 1-2, pp. 177–184, 2013.

[124] P. C. Brooks, S. Strömblad, L. C. Sanders et al., “Localization of
matrixmetalloproteinaseMMP-2 to the surface of invasive cells
by interaction with integrin 𝛼v𝛽3,” Cell, vol. 85, no. 5, pp. 683–
693, 1996.

[125] E. I. Deryugina, B. Ratnikov, E. Monosov et al., “MT1-MMP
initiates activation of pro-MMP-2 and integrin 𝛼v𝛽3 promotes
maturation of MMP-2 in breast carcinoma cells,” Experimental
Cell Research, vol. 263, no. 2, pp. 209–223, 2001.
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Purpose. To investigate the effectiveness of respiratory guidance system in 4-dimensional computed tomography (4DCT) based
respiratory-gated radiation therapy (RGRT) by comparing respiratory signals and dosimetric analysis of treatment plans.Methods.
The respiratory amplitude and period of the free, the audio device-guided, and the complex system-guided breathingwere evaluated
in eleven patients with lung or liver cancers. The dosimetric parameters were assessed by comparing free breathing CT plan and
4DCT-based 30–70% maximal intensity projection (MIP) plan. Results. The use of complex system-guided breathing showed
significantly less variation in respiratory amplitude and period compared to the free or audio-guided breathing regarding the root
mean square errors (RMSE) of full inspiration (𝑃 = 0.031), full expiration (𝑃 = 0.007), and period (𝑃 = 0.007). The dosimetric
parameters including𝑉

5Gy, 𝑉10Gy, 𝑉20Gy, 𝑉30Gy, 𝑉40Gy, and 𝑉50Gy of normal liver or lung in 4DCTMIP plan were superior over free
breathing CT plan.Conclusions.The reproducibility and regularity of respiratory amplitude and period were significantly improved
with the complex system-guided breathing compared to the free or the audio-guided breathing. In addition, the treatment plan
based on the 4D CT-based MIP images acquired with the complex system guided breathing showed better normal tissue sparing
than that on the free breathing CT.

1. Introduction

Radiation therapy (RT) has evolved with the state-of-the-art
technology with the purpose of giving higher doses to the
tumors and lower doses to the surrounding normal tissues
to maximize tumor control and minimize toxicities. The
four-dimensional RT (4DRT), adding the fourth element
“time” to the three-dimensional conformal RT (3DCRT), has
been introduced and actively performed in daily practice
in the same vein. Organs in the thorax and the abdomen
are mostly affected by the respiratory motion moving up to
10–40mm according to the literature [1, 2]. Respiration is
quasiperiodic with a relatively predictable pattern in contrast
to the arbitrary changes including peristalsis, expansion,
contraction, and incidental cough which are difficult to

predict [3]. The respiration-gated RT (RGRT) using the
4DRT technique permits selectively treating specific respi-
ratory phases in the light of target location according to
the organ movement and increasing therapeutic efficiency
[4, 5]. Larger fields with larger safety margins to the target
volumes were generally used to overcome the uncertainties
during the treatment in the past [6]. However, targets have
been getting smaller and more conformal with precise tumor
localization for increasing tumor control and reducing the
risk of toxicities.There have been several techniques to reduce
the margins caused by the respiratory motion. These are
breath holding techniques including active breathing con-
trol (ABC), abdomen compression, deep inspiration breath-
ing hold technique (DIBH), respiratory gating technique,
real-time tumor-tracking RT (RTRT), multileaf collimator
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(MLC) sequencing technique, couch tracking technique,
and cyberknife robot RT [7–14]. Of these, gating technique
denotes “beam-on” during the specific respiration phases and
“beam-off” during the other phases as shown in Figure 1.
To ensure the regularity and reproducibility of respiration
during the RGRT, the audio-guided or the video-guided
feedback techniques have been suggested and shown to be
beneficial when compared to the free breathing [15, 16]. The
aim of this study was to investigate the effectiveness of respi-
ratory guidance system including audio and visual devices in
4-dimensional computed tomography (4DCT) based RGRT
by comparing respiratory signals of free breathing (no feed-
back), audio-guided breathing, and complex system-guided
breathing including audio and visual feedback.

2. Materials and Methods

2.1. Patients. Eleven patients were enrolled in an Institutional
Review Board-approved respiratory guidance system proto-
col for 4D RGRT from March 2011 to July 2013 in Korea
University Guro Hospital. The inclusion criteria were that
the patient (1) was diagnosed as a tissue-confirmed liver
or lung cancer; (2) was over 18 years of age; (3) was not
oxygen-dependent; (4) has Eastern Cooperative Oncology
Group Performance Status (ECOGPS) of 0–2; (5) showed the
diaphragmatic or visible tumor movement of more than 1 cm
in a craniocaudal direction in a X-ray fluoroscopy; (6) had
given signed informed consent.

2.2. The Respiratory Guidance System. The respiratory guid-
ance system reflecting the real-time breathing status for the
4DCT and the RGRT consisted of two parts: the audio-
component and the visual component.The audio-component
was composed of the motion picture expert group 1 audio
layer 3 (MP3) and earphones installed with voice files guiding
the patient’s respiration from 10 to 22 times per minute which
were recorded according to the individual speed of breathing
(Figure 2). For the visual components, the patients were able
to choose one of the three types of visual devices showing
the patient’s real time breathing signals: 17-inch liquid crystal
display (LCD) monitor (Multisync LCD 1770NX, NEC), 8-
inch light emitting diode (LED) monitor (CT-M080B LED,
WINDOM), or goggle (VUZIX, iWear VR920, USA). The
monitor types were installed to the couch by monitor arm
with six joints and were preferred for the patients wearing
glasses (Figure 3).

2.3. Acquisition of Respiratory Signals. The individual
patient’s respiration was assessed by a separate session for
respiration training to determine the best fitted speed of
breathing of the audio instruction. The free breathing (no
feedback), the audio-guided breathing, and the complex
system-guided breathing including audio and visual feedback
were applied to the patients and the respective respiration
signals were collected for 5 minutes during the separate
respiration training session and during the simulation
(Figure 4). We used the Real Time Position Management
(RPM) system (Varian Medical Systems, Palo Alto, CA) to
acquire the patients’ respiratory traces during the training
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Figure 1: An example of the respiratory gating radiation therapy
during the specific period of respiration.
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Figure 2: The audio device of the respiratory guidance system.

session and the 4DCT simulation. The RPM system is
composed of infrared-reflecting marker box which is placed
on the patient’s chest wall near xyphoid process and a charge
coupled device (CCD) camera tracking the vertical motion
of the marker at a frequency of 30 frames per second. The
data collection and visualization are managed by a dedicated
software tool installed in the system. The signals of the free
breathing were acquired without any feedback. Then, the
signals of the audio-guided breathing were obtained with
breathe-in/breathe-out instructions. Finally the traces from
the complex system-guided breathing were collected with
the audio instruction as well as the real time visual feedback
displayed in the selected monitor or goggle (Figure 5).

2.4. Analysis of the Respiratory Signals. To evaluate the repro-
ducibility and regularity of the respiration, data of the first
and the last 15 seconds were excluded from the analysis
regarding the adaptation period for the beginning period
and time-related fatigue of the endmost period. The extreme
outlier was also ruled out to increase the reliability of the
results.The average of the three consecutive stable respiratory
cycles was set up as a reference and normalized to “0” for the
purpose of correlating signals from the different sessions and
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(a) 17-inch LCD monitor (Multisync LCD 1770NX, NEC)

(b) 8-inch LED monitor (CT-M080B LED, WINDOM)

(c) Goggle (VUZIX, iWear VR920, USA)

Figure 3: The visual devices of the respiratory guidance system.

patients. The average of the maximal inspiration (maxima),
the maximal expiration (minima), and the period of the
reference respiratory cycles were set as a standard, and the
respective root mean square errors (RMSE) were calculated
for the entire signals (Figure 6).

2.5. Acquisition of Simulation CT and Analysis and Compar-
ison of Treatment Plans. Two sets of simulation CT were

performed in each patient using BrightSpeed Elite CT (GE
healthcare Technologies, Waukesha, WI): first acquisition of
precontrast enhanced CT under free breathing condition
and then second acquisition of intravenous contrast agent
enhanced 4DCT with complex system-guided breathing.
The slice thickness was 5mm. For the purpose of data
reconstruction of 4DCT, the acquired images were sorted
by 10 respiratory phases determined from the RPM system.
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Figure 4: Examples of the free breathing, the audio-guided breathing, and the complex system-guided breathing (the arrow indicates a
deviation caused by a transient positional change).
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Figure 5: Patient setup with the complex system-guided respiration.

The gating ranges were set between 30% and 70% phases,
and images of 30%, 40%, 50% 60%, and 70% phases were
reconstructed with maximum intensity projection (MIP)
method. The datasets were imported to Eclipse planning
system (Version 8.3, Varian, CA, USA) for contouring target
volumes and organs at risk (OARs).The gross tumor volumes
(GTVs) in both free breathing CT images and 4DCT based
MIP images were delineated in each patient by the same
radiation oncologist with appropriatewindow setting for lung

and liver cancers, respectively. The clinical target volumes
(CTVs) were created by adding 5mm margin to the GTVs
and additional 5mm margins to the CTVs were allowed
for the PTVs. To assess the dosimetric impacts on normal
lung and liver, identical beam arrangements were generated
in both free breathing CT images and 4DCT based MIP
images. All of the plans used 3-4 coplanar beams and were
normalized such that at least 95% of the PTV received the
prescription dose. The treatment plans based on the free
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breathing CT were generated with the PTVs plus 1.5 cm
margins and those on the 4DCT based MIP images were
with the PTVs plus 1.0 cm since the internal margin of 5mm
was already reflected in the 4D simulation process. The
dose fractionation schedules were 50Gy in 5 fractions for
the patients with lung cancer and 54Gy in 18 fractions for
those with liver cancer. The conformity index (CI), homo-
geneity index (HI), and prescription isodose target volume
conformal index (PITV) were calculated for the comparison
of target coverage [17–19]. For the DVH comparison of
normal lung and liver, 𝑉

5Gy (volume receiving 5Gy), 𝑉
10Gy

(volume receiving 10Gy), 𝑉
20Gy (volume receiving 20Gy),

𝑉
30Gy (volume receiving 30Gy), 𝑉

40Gy (volume receiving
40Gy), and 𝑉

50Gy (volume receiving 50Gy) were used. The
actual treatmentwas donewith gating 4DRT ranging between
30% and 70% using Trilogy (Varian Medical Systems Palo
Alto, CA). The Kolmogorov-Smirnov test was done for the
continuous variables. The paired Student’s 𝑡-test and one way
ANOVA in SPSS version 20 (SPSS Inc., Chicago, IL) were
used for the statistical analysis.The 𝑃 value of 0.05 or less was
considered as statistically significant.

3. Results

The patients’ characteristics were listed in Table 1. Among
the enrolled eleven patients, 6 patients had hepatocellular
carcinoma and 5 had non-small-cell lung cancer.Themedian
agewas 64 years (range 52–80 years).Nopatient had a surgery
of liver or lung except 2 with liver cancer who underwent
partial hepatectomy. The concurrent chemotherapy was not
done in all patients. The average respiration per minute was
14.6 times ± 2.8 and the average craniocaudal movement
of diaphragm or tumor was 1.91 cm ± 0.70 in a routine
fluoroscopy. The RMSEs of the maxima, the minima, and
the period according to the three respiratory conditions were
summarized in Table 2. Figure 7 presented the RMSE of the
maxima and minima of individual patient. The RMSE of the
maxima indicating full inspiration was 0.154 cm ± 0.096 for
the free breathing, 0.119 cm ± 0.057 for the audio-guided
breathing, and 0.061 cm ± 0.024 for the complex system-
guided breathing (𝑃 < 0.05). When comparing the RMSE

of the maxima between two groups, there was no significant
difference observed between the free and the audio-guided
breathing (𝑃 = 0.216). However, statistical significance
was presented between the free and the complex system-
guided breathing (𝑃 = 0.004) and between the audio-guided
and the complex system-guided breathing (𝑃 = 0.001).
The RMSE of the minima indicating full expiration was
0.220 cm ± 0.085 for the free breathing, 0.174 cm ± 0.095 for
the audio-guided breathing, and 0.099 cm ± 0.053 for the
complex system-guided breathing (𝑃 < 0.05). Two group
comparisons in the RMSE of the minima showed significant
differences for all combinations: the free versus the audio-
guided breathing, 𝑃 = 0.020; the free versus the complex
system-guided breathing, 𝑃 = 0.000; the audio-guided
versus the complex system-guided breathing, 𝑃 = 0.020,
respectively.Meanwhile, theRMSEof the periodwas 0.951 sec
± 0.130 for the free breathing, 0.741 sec ± 0.213 for the audio-
guided breathing, and 0.464 sec ± 0.215 for the complex
system-guided breathing (𝑃 < 0.05). There was no difference
observed between the free and the audio-guided breathing
(𝑃 = 0.370), but the differences in the RMSE of the period
between the free and the complex system-guided breathing
(𝑃 = 0.009) and between the audio-guided and the complex
system-guided breathing (𝑃 = 0.040) were significant.

With the positive results, the 4DRTwith complex system-
guided breathing was applied to the actual treatment, and
comparison between free breathing and 4DRT with complex
system-guided breathingwas performed in terms of dosimet-
ric parameters.TheCI,HI, and PITVwere evaluated for com-
parison of target coverage between plans of free breathing CT
and 4DMIPCT.TheCI of free breathingCTwas 0.578±0.525
and that of 4D MIP CT was 0.637 ± 0.967, respectively (𝑃 =
0.096). The HI was 1.043 ± 0.024 and 1.033 ± 0.018 for
free breathing CT and 4D MIP CT, respectively (𝑃 = 0.151).
Likewise, the PITVof free breathingCTwas 0.997±0.007 and
that of 4DMIPCTwas 0.998±0.007, respectively (𝑃 = 0.335).
There were no significant differences observed between the
plans in terms of target coverage.

The DVH analysis was done for liver and lung for each
applicable site (Table 3 and Figure 8). Normal liver volume
receiving the same dose of radiation was less in plan on 4D
MIP CT than on free breathing CT in patients with liver
cancer: 78.75 ± 3.51 cc in free breathing CT versus 68.06 ±
6.68 cc in 4D MIP CT (𝑃 = 0.024) for 𝑉

5Gy, 65.16 ± 7.83 cc
versus 54.24±10.45 cc (𝑃 = 0.030) for𝑉

10Gy, 43.84±12.80 cc
versus 35.22±14.11 cc (𝑃 = 0.048) for𝑉

20Gy, 32.81±12.68 cc
versus 27.34 ± 14.68 cc (𝑃 = 0.117) for 𝑉

30Gy, 25.79 ±
11.47 cc versus 21.53 ± 13.61 cc (𝑃 = 0.069) for 𝑉

40Gy, and
19.39 ± 9.71 cc versus 16.06 ± 11.21 cc (𝑃 = 0.067) for 𝑉

50Gy,
respectively, as shown in Table 3(a). 𝑉

5Gy, 𝑉10Gy, and 𝑉20Gy
showed statistically significant differences. Ipsilateral lung
volume receiving same dose of radiation for patients with
lung cancer showed similar results (Table 3(b)). There were
significant differences observed in 𝑉

10Gy, 𝑉20Gy, 𝑉30Gy, and
𝑉
40Gy and𝑉5Gy showedmarginal significance: 48.97±15.37 cc

in free breathing CT versus 40.74 ± 11.07 cc in 4D MIP CT
(𝑃 = 0.051) for 𝑉

5Gy, 37.71 ± 17.89 cc versus 29.31 ± 15.22 cc
(𝑃 = 0.035) for 𝑉

10Gy, 23.02 ± 11. c versus 16.03 ± 8.75 cc
(𝑃 = 0.018) for 𝑉

20Gy, 15.19 ± 9.24 cc versus 8.94 ± 5.46 cc
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Table 1: The patients’ characteristics.

Number Age/sex Diagnosis Pathology ECOG Surgery Concurrent
chemotherapy

Breathing rate
(/min)

Movement in
fluoroscopy (cm)

1 65/F HCC∗ HCC∗ 1 Yes No 12 2.5
2 64/M HCC∗ HCC∗ 1 Yes No 15 3
3 56/F HCC∗ HCC∗ 1 No No 18 1.8
4 65/M HCC∗ HCC∗ 0 No No 17 1.5
5 62/M HCC∗ HCC∗ 0 No No 16 1.2
6 52/M HCC∗ HCC∗ 0 No No 10 1.8
7 59/M NSCLC† SCC‡ 1 No No 14 2.0
8 73/M NSCLC† SCC‡ 2 No No 12 1.2
9 80/M NSCLC† SCC‡ 1 No No 15 1.3
10 65/F NSCLC† AD§ 0 No No 13 1.5
11 62/M NSCLC† AD§ 0 No No 19 3.2
∗Hepatocellular carcinoma.
†None-small-cell lung cancer.
‡Squamous cell carcinoma.
§Adenocarcinoma.
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Figure 7: Root mean square error (RMSE) of the maxima and minima in all patients.
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(a-1) Free breathing CT based plan (a-2) MIP based plan

(a) A case of patient with liver cancer

(b-1) Free breathing CT based plan (b-2) MIP based plan

(b) A case of patient with lung cancer

Figure 8: Comparison of dose volume histogram (DVH) of (a) liver and (b) lung between plans with free breathing CT (blue box and blue
arrow) and 4DMIP CT (red box and red arrow) was shown.

Table 2: The root mean square error (RMSE) of maxima, minima, and period in the three breathing conditions.

(a) The RMSE of maxima (full inspiration)

Free Audio-guided Complex system-guided P value
Maxima (cm) 0.154 ± 0.096 0.119 ± 0.057 0.061 ± 0.024 0.031
Free breathing versus audio-guided breathing (P = 0.216).
Free breathing versus complex system-guided breathing (P = 0.004).
Audio-guided breathing versus complex system-guided breathing (P = 0.001).

(b) The RMSE of minima (full expiration)

Free Audio-guided Complex system-guided P value
Minima (cm) 0.220 ± 0.085 0.174 ± 0.095 0.099 ± 0.053 0.007
Free breathing versus audio-guided breathing (P = 0.020).
Free breathing versus complex system-guided breathing (P = 0.000).
Audio-guided breathing versus complex system-guided breathing (P = 0.020).

(c) The RMSE of period

Free Audio-guided Complex system-guided P value
Period (sec) 0.951 ± 0.130 0.741 ± 0.213 0.464 ± 0.215 0.046
Free breathing versus audio-guided breathing (P = 0.370).
Free breathing versus complex system-guided breathing (P = 0.009).
Audio-guided breathing versus complex system-guided breathing (P = 0.040).
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Table 3: Comparison of dose volume histogram (DVH) between plans with free breathing CT and 4DMIP CT.

(a) Liver

Free breathing CT plan (cc) MIP based plan (cc) P value
𝑉
5Gy
∗ 78.75 ± 3.51 68.06 ± 6.68 0.024

𝑉
10Gy
† 65.16 ± 7.83 54.24 ± 10.45 0.030

𝑉
20Gy
‡ 43.84 ± 12.80 35.22 ± 14.11 0.048

𝑉
30Gy

§ 32.81 ± 12.68 27.34 ± 14.68 0.117
𝑉
40Gy
‖ 25.79 ± 11.47 21.53 ± 13.61 0.069

𝑉
50Gy

¶ 19.39 ± 9.71 16.06 ± 11.21 0.067

(b) Ipsilateral lung

Free breathing CT plan MIP based plan P value
𝑉
5Gy
∗ 48.97 ± 15.37 40.74 ± 11.07 0.051

𝑉
10Gy
† 37.71 ± 17.89 29.31 ± 15.22 0.035

𝑉
20Gy
‡ 23.02 ± 11.20 16.03 ± 8.75 0.018

𝑉
30Gy

§ 15.19 ± 9.24 8.94 ± 5.46 0.034
𝑉
40Gy
‖ 9.18 ± 5.88 4.90 ± 3.18 0.035

𝑉
50Gy

¶ 1.64 ± 1.93 1.19 ± 1.35 0.287

(c) Contralateral lung

Free breathing CT plan MIP based plan P value
𝑉
5Gy
∗ 13.65 ± 12.29 8.91 ± 20.58 0.140

𝑉
10Gy
† 2.63 ± 4.90 1.01 ± 2.08 0.160

𝑉
20Gy
‡ 0 0 —

𝑉
30Gy

§ 0 0 —
𝑉
40Gy
‖ 0 0 —

𝑉
50Gy

¶ 0 0 —
∗Volume receiving 5Gy.
†Volume receiving 10Gy.
‡Volume receiving 20Gy.
§Volume receiving 30Gy.
‖Volume receiving 40Gy.
¶Volume receiving 50Gy.

(𝑃 = 0.034) for 𝑉
30Gy, 9.18 ± 5.88 cc versus 4.90 ± 3.18 cc

(𝑃 = 0.035) for 𝑉
40Gy, and 1.64 ± 1.93 cc versus 1.19 ±

1.35 cc (𝑃 = 0.287) for 𝑉
50Gy, respectively. There were no

significant differences in 𝑉
5Gy of contralateral lung volume

(13.65 ± 12.29 cc in free breathing CT versus 8.91 ± 20.58 cc
in 4D MIP CT, 𝑃 = 0.140) and 𝑉

10Gy (2.63 ± 4.90 cc versus
1.01 ± 2.08 cc, 𝑃 = 0.160) as in Table 3(c).

4. Discussion

The “reproducibility” and “regularity” of respiration are
important elements for treating moving tumors influenced
by breathing in the 4D era. The RGRT with undefined repro-
ducibility or regularity may result in the decrease of tumor
dose and unintentional increase in the surrounding normal
tissue. Therefore, it is vital to induce the patient’s respiration
as regularly as possible during the 4DRGRT. In addition, even
breathing is also important for getting quality-guaranteed
4D images with the 4DCT. Various methods to reduce the
artifact of the 4DCT and improve quality of the RGRT were
introduced during the last ten-year period. As one aspect of
it, the audio instruction or the video-guided respiration was

reported in several groups of USA and Europe. Kini et al.
[15] reported that the RGRTwith respiratory training showed
improved reproducibility compared to the RGRT without
training. Studies comparing the free breathing and the audio-
guided breathing revealed that audio instruction provides
stable respiratory pattern compared to the free breathing in
a limited extent [20, 21]. In addition, Cerviño et al. [22]
reported that the visual feedback showed significant benefit
to stabilize the respiration for the patients with breast cancer
compared to the free breathing. Recent researches on the
RGRT using both the audio and the visual guidance demon-
strated more meaningful results. The audiovisual feedback
system significantly reduced the breathing motion compared
to the free or the audio-guided breathing according toGeorge
et al. [16]. Crossmann [23] and Goossens et al. [24] also
confirmed that the reproducibility was improved by adding
the visual component. Thus, most of the studies on the
respiratory signals using audio and/or visual devices during
RT showed positive results with the device-assisted breathing
compared to free breathing. The results of our study were
shown to be in accord with these earlier ones with increasing
reproducibility and regularity of respiratory amplitude and



BioMed Research International 9

period using the complex system-guided breathing. How-
ever, the RMSE of breathing period (0.951 ± 0.130 sec,
0.741 ± 0.213 sec, and 0.464 ± 0.215 sec for free breathing,
audio device-guided breathing, and complex system-guided
breathing, resp.) was relatively big even for the complex
system-guided breathingwhichmight lead to change in phase
and amplitude or movement of internal target. In addition,
using the RPM system for the RGRT is possible on the
assumption that the external motion is synchronized to the
movement of the internal organs. Tsunashima et al. [25]
analyzed the time difference of the respiratory signals and
the three-dimensional tumor movement in 26 patients with
lung, liver, and esophageal cancers. According to their report,
the variation of the phase was within 0.3 seconds irrespective
of organs, and the external signals were well correlated with
the internal movement. The synchronism of the external and
internal movement was not studied in the present study.
Our future studies will follow these considerations.There are
several demerits with present study such as a small patient
number of 11 and no available data during the real treatment.
However, the respiratory signals were collected from two
different sessions for 5 minutes each for the three breathing
conditions in 11 patients which meant about 1386 signals per
the free, the audio-guided, and the complex system-guided
breathing. In the latter problem, the actual treatment was
done with the complex system-guided breathing and the
signals of the free and the audio-guided breathing were not
gathered in consideration of delay in the daily treatment time
and increase in the workload of staff. Meanwhile, using the
RPM system for the RGRT is possible on the assumption that
the external motion is synchronized to the movement of the
internal organs.

Meanwhile, according to Hau et al. [26], the use of RGRT
with audio coaching was not associated with a significant
reduction in spinal cord, esophagus, or cardiac dosimetric
parameters. However, it did reduce the lung mean dose by
1.33Gy (𝑃 < 0.001) and 𝑉

20Gy by 2.2% (𝑃 < 0.001) with
gating ranging 85–15% in patients with thoracic malignan-
cies. Another study revealed that RGRTwithDIBH technique
correlated with 32% reduction (19.9% versus 13.5%) in lung
𝑉
20Gy compared to free breathing in patients with esophageal

cancer [17]. Our results showed the low dose volume areas
of normal liver including 𝑉

5Gy, 𝑉10Gy, and 𝑉20Gy, and 𝑉10Gy
received less doses of radiation with the 4D MIP CT than
with the free breathingCT in patients with liver cancer.𝑉

20Gy,
𝑉
30Gy, and 𝑉40Gy of ipsilateral lung with plans of 4D MIP CT

were significantly favorable than that of the free breathing CT
in patientswith lung cancer. In spite of relativelywide range of
gating (30–70%), the benefit of 4DRT with complex system-
guided breathing compared to free breathing was quantified
and showed statistical significance.

5. Conclusions

The reproducibility and regularity of respiratory amplitude
and period were significantly improved with the complex
system-guided breathing compared to free breathing and
audio-guided breathing. In addition, the 30–70% gating

4DRTwith the complex system-guided breathing was advan-
tageous over free breathing in terms of DVH profiles of
normal liver or lung.
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An approximate correction method for the CT value-electron density curve of CBCT was established, through comparison and
fitting with FBCT images, and applied to evaluate the therapeutic dose of IMRT.The precision of using CBCT for plan calculation
was validated by comparing the dose distribution between CBCT- and FBCT-based IMRT plans. Also setup deviations were
simulated to evaluate the ability of the CBCT-based calculation for detecting the dose errors caused by positioning deviation.
The gamma comparison between CBCT- and FBCT-based dose computations showed that the pass rates of (2%, 2mm) criteria
were better than 97.60 ± 0.83% and 97.74 ± 2.08% in the phantom and 10 NPC cases. When setup deviation was introduced into
CBCT-based dose calculation, the gamma pass rate significantly decreased while the volumetric doses of the targets and some
normal organs exhibited different changes compared to the original plan. Our results validated the above CT value-electron density
correction which reduced the difference between CBCT- and FBCT-based IMRT plan calculation for NPC to less than 2%. Online
CBCT-based dose calculation can be used to reflect and evaluate the dose distribution discrepancy caused by setup deviation and
structure changes during the treatment, ensuring more effective quality control of IMRT treatment.

1. Introduction

Deviation in dose distribution may exist in the delivery of
a precisely designed intensity-modulated radiation therapy
(IMRT) plan with several causes, including the mechanical
inaccuracy of the therapeutic equipment, errors in the output
dose characteristics, setup deviation, and anatomical changes
of patients during the treatment process. The traditional
phantom measurement and validation method can be used
to largely detect and avoid dose errors caused by the thera-
peutic equipment factors; however, to effectivelymonitor and
control the dose errors related to the patient’s positioning
and structure changes during the treatment remain a chal-
lenge. In recent years, with the development in radiother-
apy equipment, cone-beam computer tomography (CBCT)

technology with online X-ray imaging device equipped on
accelerators can reflect information on setup deviation and
organ changes of the patient during treatment. However, due
to the limitations of the CBCT reconstructing technique,
the scattering artifacts in the images are serious, resulting
in relatively large deviations in CT values of CBCT from
that of fan beam computer tomography (FBCT) for the
material with same electron density. Therefore, currently,
CBCT images are mainly applied for image-guided setup
correction in the clinic and non-scattering-corrected CBCT
images cannot be directly used in dose calculation [1, 2].
Relevant studies have indicated that CT value correction
based on the corelationship of CBCT and FBCT could bring a
closer dose distribution results calculated using the two kinds
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of CT image [3]. This study used an anatomical equivalent
head phantom to establish an approximate model of CT
value correlation between CBCT and FBCT images. This
method could be used to correct the CT value-electron
density curve of CBCT. In addition, validation and evaluation
of the calculation errors in the dose distribution of IMRT
planning were performed using CBCT images of simulation
phantoms and actual patient images, respectively.

2. Materials and Methods

2.1. Anatomical Head Phantom Used for Simulations. A Chi-
nese human head phantom (subsequently identified as “the
head phantom”) was used to simulate irradiation perfor-
mance, which was developed and produced by the Institute
of Ergonomics andMedical Equipment of SichuanUniversity.
Thephantom referenced the geometrical size of Chinese adult
heads and used tissue equivalent material with similar radi-
ation absorption and scattering to human tissues. Simulated
structures such as bone and cavities were installed inside.

2.2. CT Image Acquisition. CT scanning images of the head
phantom and 10 clinical patients were acquired for analysis
in this study. All patients were nasopharyngeal carcinoma
(NPC) cases receiving IMRT treatment in our department
during the period between August and November of 2012.
During the collection of images, the head phantom and
patients were kept in the supine position in accordance
with the requirements of head and neck IMRT treatment.
The FBCT and CBCT images were acquired using a CT
simulator (Brilliance Big Bore, Philips Healthcare) and an
accelerator equipped with an X-ray imaging system (Synergy
XVI, Elekta AB), respectively. For FBCT scanning, the tube
voltage was set to 140 kV; the FOV was 500mm; and the
reconstruction thickness was 3mm. For CBCT imaging, the
tube voltage was set to 100 kV; the gantry angle was 260–100
degrees; an S20 collimator without a filter was used; and the
reconstruction thickness was also 3mm.The acquired images
were transmitted to the treatment planning system (TPS) for
documentation and storage.

2.3. Correction of the CT Value-Electron Density Relationship
of CBCT Image. Theabove acquired FBCT andCBCT images
of the head phantom were processed in the TPS (Eclipse
V10.0, Varian Medical) for automatic image registration.
Through the surface marker evaluation and manual adjust-
ment of the registration effect of these two sets of images, the
precise alignment of the geometrical structure of these two
sets of images was ensured asmuch as possible. Twenty corre-
sponding slices on the FBCT/CBCT images after registration
were randomly selected, and five pixel points were randomly
selected from each slice image. As a result, the CT values
at the 100 corresponding points in the FBCT and CBCT
images (FBCT# and CBCT#) were obtained. Subsequently,
the CT values at the corresponding points were plotted using
FBCT# as the horizontal axis and CBCT# as the vertical
axis, and the relationship of these two CT data sets was then
fitted to obtain an approximate function between the two.

Based on the internal FBCT#-electron density curve in TPS
and the above fitting function, the corrected CBCT#-electron
density approximate curve was obtained after conversion.
This corrected CBCT value-electron density curve was then
introduced into the TPS for CBCT-based dose computation
later on.

2.4. The Validation of the Dose Precision Calculated Using
the Approximately Corrected CBCT Value-Electron
Density Curve

2.4.1. Validation of the CBCT-Based Dose Calculation with
the Head Phantom. The FBCT and CBCT images, as well
as the corresponding CT value-electron density curves, were
used to calculate the same IMRT plan, and comparison was
performed for the dose distribution on transversal, sagittal,
and coronal planes at the isocentric position, including
isodose lines on the three planes and the gamma pass rates
between the two calculated results.

10 IMRT plans of head and neck patient were tested to
compare the dose calculation on FBCT and CBCT, using
hybrid plan on the head phantom images of FBCT andCBCT,
respectively; the gamma pass rates evaluation for the dose
distribution comparison was performed using a commercial
software (OmniPro ImRT V1.7b, IBA Dosimetry).

2.4.2. Validation of IMRTDose Calculation with CBCT Images
of NPC Patients. The clinical IMRT treatment plans (FBCT-
based plans) of 10NPC patients were randomly selected
and the CBCT images acquired at the first treatment of
each patient were introduced into TPS for dose calcula-
tion (CBCT-based recalculation). The dose distribution and
gamma pass rates on the three planes at the isocentric
position between the CBCT-based recalculation and FBCT-
based plan were compared.

2.4.3. Evaluation on the Sensitivity of CBCT-Based Dose
Checking to the Patient Setup Deviation. CBCT image can
be used to assess the effect on delivered dose distribution of
IMRT treatment positioning, since it reflects the positioning
deviation of patient.The IMRT treatment plan and the CBCT
images of the first treatment setup of one NPC patient were
randomly selected. Deviations of 1mm–3mm were intro-
duced into the CBCT images at the left to right (𝑋), superior
to inferior (𝑌), and anterior to posterior (𝑍) directions to
simulate patient setup deviation. The dose calculation was
conducted on the CBCT image with simulated deviation
and compared to the original plan using gamma pass rate
evaluation. The contour of each target and the involved
organs of the treatment plan were mapped to the CBCT
images from original plan to evaluate the changes in the
dose volume histogram (DVH) in each treatment target and
involved organs.

3. Results

3.1. The Approximate Correction of the CBCT Value-Electron
Density Relationship. TheCT values at the randomly selected
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100 corresponding points in the FBCT and CBCT images
displayed a relatively close linear relationship (Figure 1(a)).
The linear regression fitting between the two derived the
following approximate function:

CBCT# = 951.8 + 0.908 × FBCT#, (Correlation = 0.985) .
(1)

The fitting formula and fitting parameters all had statisti-
cal significance (𝑃 < 0.01).

Using the above fitting formula and based on the CT
value-electron density curve of FBCT, the FBCT# corre-
sponding to the electron density of each tissue was converted
into CBCT#.The CT value-electron density correction curve
of CBCT was then obtained (Figure 1(b)).

3.2. Comparison between CBCT- and FBCT-Based Dose
Calculations on the Head Phantom. In the head phantom
hybrid IMRT plan test, the recalculated dose distribution
using CBCT images were compared to the FBCT-based
result (Table 1). The average gamma pass rates of the dose
calculation on the three isocentric planes were 99.86 ± 0.05%,
99.84 ± 0.21%, and 99.50 ± 0.27% (3%—3mm criteria) and
98.68 ± 0.52%, 97.60 ± 0.83%, and 98.81 ± 0.42% (2%—2mm
criteria), respectively. The results of the two groups had very
high consistency.

3.3. The Validation of CBCT-Based Dose Calculation with
Clinical Patient’s Images. Using the above described approxi-
mate correction of the CBCT value-electron density relation-
ship, the CBCT images of 10 clinical NPC patients acquired
at the first treatment setup were used to recalculate the dose
distribution and the results were then compared with the
original FBCT-based treatment plan (Table 2). The average
gamma (3%, 3mm) pass rates for the dose distribution at the
three isocentric planes between the CBCT- and FBCT-based
plans were 99.89 ± 0.18%, 99.95 ± 0.08%, and 99.86 ± 0.28%.
Even when the (2%, 2mm) criteria were used, the average
pass rates remained higher than 97%.

Figure 2 compared the dose distribution in CBCT- and
FBCT-based plans on the transversal plane of three randomly
selected patients. The figure shows that the differences in the
shape and range of isodose lines between the CBCT-based
and FBCT-based plans were extremely slight.The points with
a larger deviation were primarily concentrated at the edges
of the images and in the vicinity of the air chambers of the
nasopharyngeal cavity, with dose differences less than 2%.

3.4. The Detection Ability of CBCT-Based Dose Checking
regarding the Dose Changes Caused by Positioning Setup
Deviation. One case of NPC IMRT plan and the CBCT
images with the first treatment setup were randomly selected
and the above-mentionedmethod was used to simulate setup
deviations of 1mm, 2mm, and 3mm in three directions
(superior-inferior S-I, anterior-posterior A-P, and left-right
L-R). The comparison between the CBCT-based dose cal-
culation with the introduction of the setup deviation and
the original treatment plan showed that when the setup
deviation was in the range of 1mm-2mm, the change in the

gamma (3%, 3mm) pass rate was small, while the change
in the gamma (2%, 2mm) pass rate was significant. When
the setup deviation reached ±3mm, the gamma (3%, 3mm)
pass rate was still over 95% but the gamma (2%, 2mm)
pass rate was reduced to approximately 75% (Table 3). When
the deviation of patient positioning at the anterior-posterior
direction reached 3mm, the CBCT-based dose recalculation
showed that the DVH of the target and certain normal
organs changed significantly. The dose received by the target
volume was reduced (3mm setup deviation towards the
anterior direction) or the maximum dose of the spinal cord
significantly increased (3mm setup deviation towards the
posterior direction), as shown in Figure 3.

4. Discussion

The accuracy of the dose distribution for IMRT is affected
not only by the planning design and the uncertainties of
the therapeutic equipment but also by the patient position
deviation during the treatment process. In addition, the
accuracy is also influenced by changes in the shape and
location of anatomical structures in the patient body, such
as the changes caused by tumor shrinkage or weight loss.
These changes cannot be evaluated using the traditional
phantom measurement methods. The online CBCT images
can more effectively reflect changes in the body position and
anatomical structures of patients. However, because of having
more serious scattering artifacts the CBCT images do not
provide correct Hounsfield units (HU) and cannot be directly
used for the dose calculation [4].

By applying image registration, this study proposed an
approximate correction method based on the fitting between
the CT values of FBCT and CBCT images. The corrected
CT values of the CBCT images were very close to that of
the corresponding FBCT images, with almost all deviations
less than 200HU from the FBCT value. To select a suitable
number of matching points for controlling the uncertainty
of CBCT# approximation, we compared the fitting results
of four different sampling groups: fitting from 60, 80, 100,
and 120 matching points. As shown in Table 4, the fitting
parameters tended to be consistent when the number of
match points was larger than 80. In this study a number
of 100 matching points were selected. The fitting correlation
coefficient was 0.985 with a standard deviation of 111.9HU
in the difference between the approximated CBCT value and
corresponding FBCT value, and a mean difference of zero
was obtained. That meant that about 70% of the differences
between the corrected CBCT# and the FBCT# were within
±111.9HU and 95% within ±223.8HU.

Based on the CBCT#-electron density curve obtained
in this study, the largest gradient coefficient of the changes
between the electron density and CBCT# was 0.088/100HU;
that is, the deviation of the relative electron density was
only 0.088, while the deviation of the CT value was 100HU.
Moreover, in a certain relatively flat region of the curve, the
deviation of the electron density was even smaller. Previous
study [5] reported that for single-field irradiation, when
the deviation of the CT value in dense bone was 100HU
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Figure 1: The relationship between FBCT# and CBCT# (a) and the CT value-electron density curve of FBCT and CBCT (b).

Table 1: Gamma pass rate of dose comparison between CBCT- and FBCT-based head phantom hybrid plans for 10 head and neck IMRT
cases.

Case number Transversal Sagittal Coronal
3%—3mm 2%—2mm 3%—3mm 2%—2mm 3%—3mm 2%—2mm

1 99.75% 97.22% 99.46% 97.49% 99.50% 98.53%
2 99.94% 99.27% 99.57% 97.47% 99.56% 98.98%
3 99.86% 98.83% 99.29% 96.93% 99.27% 98.54%
4 99.89% 98.77% 99.38% 97.37% 99.26% 98.57%
5 99.84% 98.77% 99.36% 97.13% 99.31% 98.47%
6 99.89% 98.79% 100.00% 99.94% 100.00% 99.54%
7 99.84% 98.88% 99.44% 97.45% 99.45% 98.70%
8 99.88% 98.96% 99.21% 97.03% 99.18% 98.35%
9 99.85% 98.60% 99.64% 98.00% 99.98% 99.61%
10 99.84% 98.74% 99.44% 97.22% 99.49% 98.76%
Ave. ± Std 99.86 ± 0.05% 98.68 ± 0.52% 99.48 ± 0.21% 97.60 ± 0.83% 99.50 ± 0.27% 98.81 ± 0.42%
Note: gamma pass rate counted all the points with a dose >10% of the prescribed dose.

Table 2: Gamma pass rates on the isocentric planes between CBCT- and FBCT-based IMRT plans with 10 patient’s images.

Case number Transversal plane (T) Sagittal plane (S) Coronal plane (C)
3%—3mm 2%—2mm 3%—3mm 2%—2mm 3%—3mm 2%—2mm

1 99.98% 99.86% 99.99% 99.95% 99.99% 99.91%
2 99.79% 95.35% 99.99% 99.68% 99.87% 95.10%
3 99.37% 95.05% 99.92% 98.54% 99.08% 94.93%
4 99.99% 98.37% 100.00% 98.93% 100.00% 97.88%
5 99.86% 96.41% 100.00% 100.00% 99.96% 98.70%
6 100.00% 99.60% 100.00% 99.99% 100.00% 99.54%
7 99.96% 97.55% 99.83% 98.11% 99.68% 94.69%
8 100.00% 99.61% 100.00% 99.82% 100.00% 99.89%
9 100.00% 99.87% 100.00% 99.83% 100.00% 99.93%
10 99.92% 98.50% 99.78% 97.33% 100.00% 96.81%
Ave. ± Std 99.89 ± 0.18% 98.00 ± 1.76% 99.95 ± 0.08% 99.22 ± 0.90% 99.86 ± 0.28% 97.74 ± 2.08%
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and in soft tissue organs was around 30HU, the resulted
deviation in the dose calculation was smaller than 1%. For
IMRT planning, the effect of deviation in CT value on dose
calculation was even slighter. In this study, we conducted
CBCT-based dose calculation for IMRT plans on the head
phantom and observed only slight differences in the results
compared with the FBCT-based calculation.The comparison
of these two calculation methods showed that the average
gamma pass rate for 10 hybrid phantom plans at the 3%—
3mm and 2%—2mm criteria was better than 99.48% and
97.60%, respectively. van Zijtveld et al. [3] reported a method
to correct the CT value of CBCT bymapping the HU number
from FBCT to CBCT images. In their study, the gamma
(2%, 2mm) pass rate of the comparison between the CBCT-
and FBCT-based IMRT plan calculation for 5 cases was
92%–95%, which was worse than our results. Similar to our
study, their results also showed that most differences were
located on the body outline area. Rong et al. [6] performed
a study using a CIRS phantom to obtain the site specific
CBCT value and the CBCT#-electron density curve. Their
results concluded the dose accuracy to approximately 2%
on the head RANDO phantom, which was similar to this
study. Different from Rong’s report, in this study, we also
performed the dose calculation based on the CBCT images

of actual clinical patients acquired during the first treatment
fraction. Using the above-mentioned correction method, we
obtained results consistent with those of the FBCT-based
calculation.The average gamma (3%, 3mm) pass rate and the
gamma (2%, 2mm) pass rate were better than 99.86% and
97.74%, respectively. Boggula et al. [7] segmented different
homogeneous structures in the CBCT images and assigned
reasonable averaged HU to them which were derived from
the Planning CT and obtained 97% and 96% gamma (3%,
3mm) pass rates in CBCT-based dose calculation for pelvic
phantom and prostate patient images, respectively, compared
to FBCT-based calculation. Compared to the above liter-
atures, our method to approximately correct the CBCT#-
electron density is easier to apply and gives a better accuracy
in dose calculation.

Certain studies reported the use of standardized CT
density phantoms to correct the CT values of CBCT images
for dose calculation [8–10]. Because the distribution and size
of the scattering artifacts of CBCT vary with the body shape
and position of the phantom or patients, it is difficult to
determine the discrepancy in CBCT-based calculation using
homogeneous phantoms. A head phantom simulating the
Chinese adult, which was manufactured in Sichuan, China,
was used as the material for the correction experiments in
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our study. This phantom processes a structure highly similar
to the head tissues of the majority of Chinese patients, thus
minimizing the effects caused by differences in anatomical
structure, location, and volume on the accuracy of the CT
value correction during CBCT-based dose calculation.

Our results showed that although this CT value-electron
density curve correction method could improve the CBCT-
based dose calculation to be similar to the FBCT-based
computation, there was still some dose deviation on the body
outline region or the surface of the cavities. A possible reason
was that, compared with FBCT images, the image boundary
between tissues and air in CBCT images was not clear and the
scattering condition in the region with blurred boundaries
was relatively complex. As reported previously, this factor
could result in an even larger deviation in the dose calculation
using pulmonary CBCT images [11]. Another reason was that

the marginal dose deviation caused by setup deviation might
be relatively larger.

By introducing a simulation of setup deviation, this
study explored the sensitivity of an online CBCT-based dose
validation method for the evaluation of therapeutic dose
errors. The results showed that although the gamma pass
rate at the (3%, 3mm) criteria did not effectively reflect a
setup deviation of less than 3mm, the gamma pass rate at the
(2%, 2mm) criteria showed higher effectiveness in detecting
a dose distribution error caused by a setup deviation over
2mm. More importantly, the proposed method was able to
not only detect the gamma pass rate of dose distribution but
also provide statistical information on the volume dose and
DVH during actual treatment of patients. In Wang’s study of
using CBCT image to assess the delivery dose deviation in
the partial breast irradiation, 47.4% of the treatment fractions
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Table 3:The effect of simulated setup deviation of patient position-
ing on the gamma pass rate on the transversal plane at the isocenter
position.

Setup deviation Gamma pass rate
3%—3mm 2%—2mm

No error 0 99.99% 98.00%

Anterior-posterior
direction

1mm 100.00% 95.12%
2mm 99.99% 89.23%
3mm 95.31% 75.85%
−1mm 99.98% 97.06%
−2mm 99.99% 94.78%
−3mm 97.64% 83.99%

Superior-inferior
direction

1mm 99.75% 96.42%
2mm 99.15% 93.92%
3mm 97.76% 88.48%
−1mm 99.05% 92.94%
−2mm 97.22% 86.99%
−3mm 95.29% 79.41%

Left-right direction

1mm 99.99% 97.25%
2mm 99.94% 92.00%
3mm 96.42% 78.31%
−1mm 99.95% 96.19%
−2mm 99.99% 94.59%
−3mm 98.06% 75.28%

Table 4: Fitting results for different sample numbers of matching
points.

Fitting parameters Number of matching points
60 80 100 120

𝑎 (coefficient) 0.922 0.907 0.908 0.907
𝑏 (constant) 948.2 950.9 951.8 950.8
Diff. mean −0.3 −0.4 0.0 0.0
Diff. Std 108.2 116.7 111.9 110.2
𝑅 (correlation) 0.987 0.985 0.985 0.985

reduced the dose coverage according to the posttreatment
CBCT-based dose evaluation [12]. The results of our study
showed that the CBCT-based dose checking could be used as
a tool for finding the dose error caused by patient setup and
provide a basis or action reference for adaptive replanning.

During the statistical analysis of DVH information in this
study, the changes in tumor and normal organs are negligible
at the patient’s first treatment because the head and neck part
was considered as a rigid structure. Through the registration
of CBCT and the planned CT images, the organs of interest
were directly copied onto CBCT images for the statistical
analysis of DVH information. Nevertheless, this method
might produce some minor errors. With the progression
of treatment process, organ delineation at the mid and
late stage of the treatment course should be performed by
means of deformable image registration approach and finally
confirmed by clinicians [13–15]. In addition, as this study

is based on the experiments with the head phantom and
validated with patient images of head and neck area, the
reported approximation to correct the CBCT value-electron
density curve may not be suitable for CBCT-based dose
calculation in thoracic or abdominal cases, in which the
structure deformation is larger and further study should be
conducted.

5. Conclusion

We proposed an approximate method for the correction of
the CT value-electron density relationship in CBCT images.
Based on CBCT images, this method could be used to
validate and evaluate dose distribution under the actual
patient setup during treatment.Thismethod could effectively
reflect the discrepancy in dose distribution caused by setup
deviation and structure changes in actual clinical practice.
However, because this dose evaluation approach relies on the
calculation results of TPS and does not consider the errors
in the accelerator machinery and output dose accuracy, the
validation of irradiation dose for the treatment should be
performed through the combination of the proposedmethod
and other online measurement methods. The combined
approach could achieve superior performance in determining
the anatomical location of therapeutic dose errors and in
assessing the deviation of volumetric dose parameters, thus
greatly improving the clinical applicability and effectiveness
of quality control during radiotherapy.
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Future fertility is of paramount importance to younger cancer survivors. Advances in assisted reproductive technology mean that
young women treated with radiation involving the uterus may require clinical guidance regarding whether to attempt a pregnancy
themselves. We performed a review of the literature regarding radiation involving uterus (total body irradiation (TBI) and pelvic
radiation), fertility, and pregnancy outcomes to come up with a recommendation for our patients. Limited evidence suggests
lower fecundity and an increased incidence of pregnancy complications after uterine radiation. Higher radiation doses and direct
uterine radiation both significantly increase the risk of an adverse pregnancy outcome. Uterine radiation doses of <4Gy do not
appear to impair uterine function. Adult TBI data (usually 12Gy) suggest pregnancy is possible but with lower fecundity and more
complications. Although there is no clear data indicating the dose of radiation to the uterus, above which a pregnancy would not
be sustainable, we suggest patients receiving >45Gy during adulthood and >25Gy in childhood be counselled to avoid attempting
pregnancy. There is preliminary evidence that menopausal hormone therapy and a combination of pentoxifylline and tocopherol
may improve uterine function following irradiation.

1. Introduction

Cancer is a leading cause of death in developed countries
[1]. Treatment of cancer, in particular cancers of the pelvic
or abdominal organs, may include radiation to the uterus by
one of several means. The uterus may be included, partially
or whole, in the Clinical Target Volume and hence lie within
the high dose region. It may be inadvertently exposed to low
dose radiation by the “exit beam” from conformal radiation,
with total body radiation (TBI) or in intensity modulated
radiotherapy. In women, most cancers occur in the postre-
productive phase, but a significant minority are diagnosed
in childhood and in adult women of reproductive age. Up to
50% of cervical, 10% of anal, 5% of colorectal, 2% of uterine
or bladder cancer, and soft tissue tumours/sarcomas occur
in women of reproductive age and treatment commonly

includes radiation involving the uterus [1, 2]. Haematological
neoplasm is also not an uncommon occurrence in young girls
and women. TBI is often offered as part of a conditioning
regime before stem cell or bone marrow transplant treatment
[1, 2]. This radiation commonly affects female fertility and
when these malignancies occur in premenopausal women,
the oncologist should discuss the likely consequences for
fertility and the potential risks in pregnancy [3]. Referral to
a fertility specialist may also be helpful.

The short term therapeutic effect of radiation is to induce
cancer cell death. However, there are also delayed effects from
radiation, including progressive radiation-induced injury
characterized by scarring, atrophy, and sclerosis of blood
vessels [4]. Depending on the dose and site, radiation can
have a long-term impact on reproductive potential for cancer
survivors. This may include direct irreversible radiation
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injury to the ovary and uterus causing sterility and disruption
of hypothalamic-pituitary-ovarian axis function from cranial
radiation [5, 6].

As cancer treatments improve, optimising quality of life in
cancer survivors is of growing significance. Loss of fertility is a
key issue for younger cancer survivors [7, 8]. Irradiation of the
ovaries will induce ovarian failure in almost 90% of women,
as observed in childhood abdominal radiation [5]. Ovarian
transposition, shielding, or transplantation can be offered to
try and reduce the risk of radiation-induced ovarian damage
but the efficacy of this intervention is variable and not
well established [9]. With the wider availability of assisted
reproductive technology, there are commonly opportunities
for ovarian stimulation and oocyte or embryo cryopreser-
vation prior to chemoradiation. However, for those women
who subsequently wish to utilise stored oocytes or embryos
to achieve a pregnancy, there is very little evidence to
guide whether the irradiated uterus can successfully and
safely carry a pregnancy or whether surrogacy should be
advised. Future options for fertility preservation after uterine
radiation might potentially include uterine transplantation
or cryopreservation, but these are not currently available in
clinical practice. Collection of data regarding the effects of
radiation on the reproductive potential of the uterus (i.e.,
both the endometrium and the myometrium) will assist
clinicians with making appropriate clinical judgements and
treatment recommendations and this is currently underway
at our centre.

2. Physiological Effects of Uterine Irradiation

An adult size uterus measures about 7.5 cm in length, 5 cm
in breadth at its upper part, and about 2.5 cm in thickness;
it weighs from 30 to 40 gm [10]. During puberty, the growth
of the uterus commences before the appearance of external
sexual characteristics. Uterine volume increases throughout
pubertal progression, with the greatest increase occurring
between Tanner stage 3 and 4. Data from normal populations
are limited, but uterine growth may not be completed until
around 7 years after menarche at the age of 20 years [11,
12]. There is a significant increase in the uterine artery
flow velocity during puberty, with measurable diastolic flow
found in 35% of prepubertal girls and 100% of adult women
[13].

Histological examination of the directly irradiated uterus
demonstrates atrophic myometrium, with fibrosis most
prominent in the inner (submucosal) half and oedema at
the serosal surface. The irradiated endometrium is atrophic,
with thickened and smaller blood vessels [14]. Hence, radi-
ation may reduce reproductive potential by damaging the
myometrium, the endometrium, and the uterine vasculature.
The uterine volume in women with premature ovarian
failure (POF) is often reduced, with poor blood flow and a
thin endometrium [15–18]. Radiation exposure may induce
further damage, resulting in a reduced uterine volume and
decreased elasticity of uterine musculature [16, 17]. Direct
high dose radiation (>25Gy) in children commonly leads

to irreversible damage to both vasculature and muscular
function of the uterus [15].

3. Assessing Morphological Changes of
Irradiated Uteri

3.1. Ultrasonography. Evidence for the value of ultrasound in
the assessment of the postirradiated uterus comes predomi-
nantly from studies of childhood radiation. It is not known
whether these observations can be extrapolated to women
who have undergone uterine irradiation in adulthood. Ultra-
soundhas been used tomeasure uterine volume and endome-
trial thickness and to assess the uterine vasculature. Several
studies have examined uterine characteristics in women who
had been exposed to childhood radiation by using Doppler
ultrasound.

Critchley et al. assessed uterine length and blood flow
in women with ovarian failure following whole abdominal
irradiation in childhood. She demonstrated thatmeanuterine
length was significantly less (𝑃 < 0.01) in the radiation
group (mean 4.1 cm) compared with women with adult onset
premature ovarian insufficiency (POI) with no history of
radiation (mean 7.3 cm), and the majority (70%) of women
who had been irradiated demonstrated no detectable uterine
bloodflow in the uterine arteries.The spontaneous POI group
continued to demonstrate normal uterine blood flow [16].

These findings are consistent with other small studies
in leukaemia survivors with ovarian failure following total
body irradiation (TBI) in childhood, which demonstrated
that uterine volume was reduced and blood flow impaired
during adult life [17, 18]. Bath et al. also demonstrated absent
endometrium on ultrasound in those who had been exposed
to TBI in childhood. Interestingly, this study also described a
correlation between the uterine size and the age of women at
irradiation; that is, irradiation at a young age prepubertally
was associated with a smaller uterus in adulthood [17]. It
is however unclear in these women whether the reduced
uterine volume is a result of direct radiation damage, reflects
hormonal depletion due to associated ovarian failure, or a
combination of both.

A more recent Danish study by Larsen et al. involving a
larger cohort (𝑛 = 100) of women examined the ultrasonic
characteristics in 80 nulliparous childhood cancer survivors.
This confirmed that uterine volume was reduced in women
who had received radiation compared to those who had
chemotherapy only but also showed that direct uterine
irradiation was associated with a smaller uterine volume
than indirect radiation. The great majority (5/6) of those
who had direct uterine irradiation with preserved ovarian
function also had significantly reduced uterine volumes.
This finding suggests a direct effect of radiation on the
uterine musculature and vasculature following direct uterine
irradiation. Luteal endometrial thickness was not measured
so it is unclear from this study how direct irradiation affected
the endometrium [15].

3.2. Magnetic Resonance Imaging. Magnetic resonance imag-
ing (MRI) of the female pelvis can provide morphological
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information with excellent tissue contrast and therefore can
be used to demonstrate radiation-induced changes in the
uterus. Arrive et al. studied the appearance of the irradiated
uterus on magnetic resonance (MR) images in women who
had undergone pelvic radiation therapy (radiation dose
ranged from 40 to 65Gy) during adulthood. Radiation
changes on myometrium, demonstrated by a decrease in
signal intensity of the myometrium on T2-predominant MR
images, can be seen as early as 1 month after therapy. Similar
to findings in other studies involving women who had child-
hood or adolescent radiation, exposure to radiation during
adulthood reduces uterine volume, and this is demonstrable
3 months after completion of radiation therapy. Endometrial
changes from radiation injury, including decrease in thick-
ness and signal intensity of the endometrium, can also be
demonstrated on MRI, 6 months after therapy. The other
characteristic of radiation-induced changes detectable by
MRI is the loss of uterine zonal anatomy. These changes
reflect myometrial and endometrial atrophy, fibrosis, and
local tissue ischaemia. These postirradiation MR changes are
similar to the changes ordinarily seen on MRI of the normal
postmenopausal uterus [14].

In summary, radiation-induced changes by ultrasound
or MRI examination can be detected by one month after
therapy completion. Current evidence from observational
studies using ultrasound or MRI assessment has suggested
that radiation exposure will affect the myometrium (reduce
uterine volume), the endometrium (reduced endometrial
thickness), and the uterine vasculature (impaired uterine
blood flow), with themost significant effect seen in those who
require direct uterine irradiation or radiation at a younger
age.

4. Fertility and Pregnancy Outcomes following
Uterine Irradiation

4.1. Childhood and Adolescent Radiation Exposure. It is well
established that cancer survivors have a lower fecundity
and face an increased risk of adverse outcomes in preg-
nancy [19–23], attributed to the associated cancer treatments,
including surgery, chemotherapy, and radiation therapy.Mul-
tiple cohort studies have demonstrated an increased risk
of pregnancy complications (miscarriage, preterm delivery,
low birth weight, and perinatal death) in women previously
exposed to childhood abdominal radiation [24–27]. Even
low doses of radiation can have a negative impact on future
fertility. A dose of below 4Gy appears to be the threshold
dose, depending also on the associated treatment. If the
uterus is directly irradiated, pregnancy is rare. Childhood
radiation doses of <4Gy have not been shown to impact
negatively on subsequent fertility [28].

4.2. Adulthood Radiation Exposure. The continued refine-
ments in cancer treatments have significantly improved the
cure rates of many young women with malignancies includ-
ing haematological, cervical, and colorectal cancer which
may include uterine irradiation. Almost all the available
information about the impact of radiation on the uterus

comes from radiation exposure during childhood or adoles-
cence, and it is not known whether this data can be extrapo-
lated to women undergoing uterine radiation in adulthood.

4.2.1. Total Body Irradiation. Current evidence concerning
pregnancy outcomes in women who had uterine radiation
beyond childhood is largely limited to those who had TBI
as a conditioning regimen before stem cell transplantation
(SCT) or bone marrow transplantation (BMT). Sanders et
al. followed up pregnancy outcomes in patients who had
received high dose chemotherapy alone or with TBI and
BMT for aplastic anaemia or hematologic malignancy. The
incidence of spontaneous abortion (37% versus 7%) and
preterm delivery (63% versus 18%) were significantly higher
in TBI recipients when compared to the chemotherapy-only
group (𝑃 = 0.01). The 13 preterm deliveries resulted in 10
low birth weight (1.8 to 2.24 kg) and three very low birth
weight (≤1.36 kg) infants, for an overall incidence of 25%,
which is higher than the expected incidence of 6.5% for the
general population (𝑃 = 0.0001). Although the analyses
involved both pre- and postpubertal women, the majority
of women (87%) were postpubertal at the time of BMT.
This data demonstrated that female recipients of BMT had a
high incidence of miscarriage, premature labour, and LBW
offspring, with the risk higher in those who also received
pretransplant TBI [29]. However, it was unclear whether
these pregnancies were the result of spontaneous conception
or assisted reproductive technologies (ART).

In a large study of more than 30,000 European women
who had received SCT, there were 312 pregnancies from 232
patients (30 patients had ART). This study demonstrated a
significantly higher than normal rate of pregnancy complica-
tions in recipients of allogeneic SCT compared to the normal
population. These increased pregnancy risks were confined
to those who had received total body irradiation in their pre-
transplant conditioning and were most striking in those who
had conceived via ART. Analysis of singleton pregnancies
has shown that these women had significantly higher rates of
caesarean section (42% versus 16%), preterm delivery (20%
versus 6%), and low birth weight singleton offspring (23%
versus 6%) compared to the general population [30].

Carter et al. compared the pregnancy outcomes in adult
survivors of haematological malignancies to their closest age
siblings. Less pregnancy was reported in survivors than their
siblings (3% in female survivors, 72% in female siblings, 𝑃 <
0.0001). Those who had SCT at older age or had exposure
to TBI were more likely to be nulliparous. Interestingly, this
study found no significant increased prevalence of pregnancy
complications including miscarriage, preterm birth, and
stillbirths. However, the number of participants in this study
is smaller with only 14 reported pregnancies in 8 female
survivors, when compared to the previous studies.This study
did not include information regarding assisted reproductive
technologies which might have been utilised by survivors to
achieve pregnancy [31].

4.2.2. Pelvic Radiation. There isminimal data in the literature
about fertility and pregnancy outcome of women who had
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adulthood pelvic radiation. Bath et al. reported a case of
successful pregnancy in a 25- year-old women who received
pelvic chemoradiotherapy (30Gy) for anal cancer [32].
Another pregnancy was reported in a woman who received
radiation (36Gy in 18 fractions) to the right hemipelvis
for Hodgkin’s disease at age 16. The patient conceived a
dichorionic twin pregnancy via a donor oocyte program 15
years later. Her pregnancy was complicated by preeclampsia
and preterm delivery at 35 weeks of gestation. At caesarean
section, the right lateral placenta was morbidly adherent
to the endometrium. It was suggested that the morbidly
adherent placenta could be the result of endometrial damage
from the previous right hemipelvic radiation [33]. On the
other hand, a successful spontaneous pregnancywas reported
in a womanwhowas exposed to pelvic radiation (55Gy to left
semipelvis and 10Gy to right semipelvis) at the age of 14 for
Ewing sarcoma [34].

4.3. Assisted Reproductive Technology. Vernaeve et al.
reported fertility and pregnancy outcome of a cohort of 15
women with a past history of postpubertal pelvic radiation
(8) or TBI (7) in an oocyte donor program. These recipients
were given oral oestradiol in a progressively escalating
dose regimen for the endometrial preparation. However,
endometrial thickness was not routinely measured before
embryo transfer. Out of the 15 patients, 8 became pregnant
(53.3%) and 7 had an ongoing pregnancy at the time of the
study. An implantation rate of 31% was observed among
these women, which was comparable to the unit’s general
oocyte recipient implantation rate. However, a higher
rate of pregnancy complications (miscarriage, preeclampsia,
premature delivery, andplacental haemorrhage and stillbirth)
was observed in this subgroup of oocyte recipients [34].

Within the last 20 years, more than 100 women have been
referred for consultation at the fertility preservation service
at the Royal Women’s Hospital and Melbourne IVF, prior
to pelvic radiation (89 had TBI, 16 had pelvic radiation).
However, not all of these women wanted to conceive. 33%
of women in the TBI group versus 19% of those who had
pelvic radiation reported spontaneous menstruation after
their treatments. Five live births have been reported in
women who had TBI (age at diagnosis 7–39 (mean 27) year
old). There are no reports of pregnancies following pelvic
radiation (age at diagnosis 21–40 (mean 29) year old). Only
1 out of the 5 live births in women who had TBI was the result
of ART. However, these are pregnancies reported by patients,
and it does not represent the actual pregnancy rate in our
uterine radiation population.

Although limited, the current evidence suggests that
women who wish to have children and who have been
exposed to radiation (TBI) are less likely to conceive and
are at increased risk of pregnancy complications including
preterm birth and low birth weight offspring. The increase
in pregnancy complications seem to further increase when
the conception results from ART. Unfortunately, there is no
information in the literature about fertility and pregnancy
outcome in women who have been exposed to pelvic radi-
ation in adulthood.

5. Potential Modalities to Improve Uterine
Function after Radiation

5.1. Sex Steroid Replacement. Sex steroid replacement has
been given to women who have been exposed to childhood
and adolescent radiation in an attempt to improve the
uterine function after radiation [15–17]. Physiological sex
steroid regimen in the form of oestradiol patches (100–
150 𝜇g/24 h) and progesterone pessaries (400mg/24 hr) has
a greater beneficial effect upon endometrial thickness in
women with POI in comparison with standard regimen
with oral contraceptive pill [35]. In order to achieve uterine
growth, high dose of sex steroid replacement (as above)
is required. The dosage of sex steroid replacement therapy
that was sufficient to induce puberty and menstruation and
control menopausal symptoms was inadequate to encourage
uterine growth following childhood irradiation [18].

Replacement therapy of 3 months or more increases uter-
ine volume, increases midluteal endometrial thickness, and
restores uterine vascular supply in women exposed to TBI in
childhoodor adolescence. Although improvements of uterine
characteristics have been observed on ultrasound at 3months
of replacement therapy, the uterine volume of these women
remains significantly smaller compared with controls [17]. It
has been suggested that ongoing sex steroid replacement may
lead to further improvements in these uterine parameters.
However, a longer-term study involving 12 months of sex
steroid replacement therapy in POIwomen has demonstrated
that treatment response is generally apparent after 3 months
[35]. It is also not known if improvement of these uterine
parameters correlates with improved fertility and pregnancy
outcome.

In women who were exposed to higher dose radiation at
a young age (2–11 years; radiation dose of 25–30Gy and 30–
54Gy in study reported by Larsen et al. and Critchley et al.
resp.), no demonstrable improvement in uterine characteris-
tics was seen with up to 3 months of sex steroid replacement
therapy [15, 16]. This absence of improvement in uterine
characteristics was observed despite adequate replacement
therapy with physiological range of serum oestradiol and
progesterone [16].

5.2. Pentoxifylline and Tocopherol. Radiation-induced fibro-
sis is mainly characterized by nonspecific changes in con-
nective tissue, with excessive extracellular matrix deposition,
excessive myofibroblast proliferation, and the presence of an
inflammatory infiltrate. Recent study of the physiopathology
of the radiation-induced fibroatrophic process has led to
the idea of potential intervention via modulation of the
antioxidant pathway. Free radicals like reactive oxygen (ROS)
or nitrogen species (RNS) perform useful functions such
as cell differentiation and proliferation under physiological
conditions. However, excess ROS/RNS production induced
by environmental factors including radiation results in patho-
logical stress to tissue and cells that encourages fibrogenesis
[36].

The combination of pentoxifylline (PTX) and tocopherol
(vitamin E) has been recently shown, in both animal and
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human studies to induce regression of radiation-induced
superficial and musculocutaneous fibrosis [37, 38]. Pentox-
ifylline is a methylxanthine derivative used to treat vas-
cular diseases. In vivo, it increases erythrocyte flexibility,
vasodilates, and inhibits inflammatory reactions and tumour
necrosis factor. In vitro, PTX inhibits human dermal fibrob-
last proliferation and extracellular matrix production and
increases collagenase activity [38]. The function of vitamin E
is to scavenge the free radicals like reactive oxygen generated
during oxidative stress and therefore reduce free radical-
induced chromosomal damage [39, 40].

To test the theoretical benefit of pentoxifylline and
tocopherol, Letur-Könirsch et al. conducted a phase II trial
involving 6 women aged 28 to 37 years with chronic uterine
radiation-induced damage. All subjects had received a total
dose of 28 to 65Gy radiation for childhood abdominopelvic
tumours. Amenorrhoeic women (4 out of 6 women) were
given hormone replacement in the form of transdermal
oestradiol (Estraderm 100 TTS changed twice per week)
and progesterone (Utrogestan 300mg per day from day 15
to 28) for 3 months before the PTX-Vit E treatment. A
booster cycle comprised of higher dose of oestradiol (two
patches of Estradem 100, changed daily), together with the
same regimen of progesterone, was introduced just before
commencement of the PTX-Vit E treatment. Each patient was
given twice daily combinations of 400mg of pentoxifylline
and 500 IU of 𝛼-tocopherol for at least 9 months. After 3
months of PTX-Vit E treatment, hormone replacement was
reintroduced. Improvements in endometrial thickness, (6.2±
0.6 versus 3.2 ± 1.1mm), myometrial dimensions (44 [±5] ×
30 [±3] × 20 [±2] versus 30 [±7] × 22 [±3] × 16 [±2] mm), and
diastolic uterine artery flow were observed [41].

There are case reports of pregnancies in patients follow-
ing chemoradiation-induced ovarian failure, who did not
respond to hormone replacement therapy, when given the
combined pentoxifylline and tocopherol treatment [42–44].
18 oocyte recipients who failed to develop a preovulatory
endometrial thickness of >6mm after receiving vaginal
micronized oestradiol were given 6 months of PTX-Vit E
treatment. Two of these patients had previous radiotherapy
in the form of TBI (20Gy). Five patients became pregnant.
Three patients, of whom two had previously received TBI,
became spontaneously pregnant during the treatment, and
the other two pregnancies were from embryo transfer. Four
patients had normal pregnancies and gave birth to healthy
babies. One of the pregnancies from embryo transfer had a
fetal death at 20 weeks of gestation due to fetal hygroma.
Endometrial thickness increased significantly (𝑃 < 0.001),
with a mean of 4.9 ± 0.6mm before and 6.2 ± 1.4mm
after treatment. This increase in endometrial thickness was
especially noticeable in patients who had previously received
total body irradiation [43]. Although with small numbers,
these trials have demonstrated that PTX-Vit E may play
a role with improving the function of radiation-damaged
uteri. The pentoxifylline and tocopherol regimen seems to
be well tolerated [40]. Adverse effects that commonly occur
with pentoxifylline when used for intermittent claudica-
tion include dose-related gastrointestinal (nausea, dyspepsia)
and central nervous system (jitteriness, insomnia, vertigo,

asthenia) effects [43]. Overall, PTX-Vit E combination is one
of the few available drugs with clinical data for management
of radiation-induced fibrosis. Further trials are warranted on
the role of PTX-Vit E in reducing radiation-induced uterine
injury due to ease of administration, favourable safety profile,
and limited treatment options. Large randomized controlled
trials are needed to substantiate these preliminary findings.

6. Conclusions and Recommendations

(i) Oocyte donation and fertility preservation with
oocyte or embryo cryopreservation prior to can-
cer treatment provides significant hope for cancer
survivors who undergo chemotherapy or radiation-
induced ovarian failure. Appropriate counselling in
regards to the safety of the irradiated uterus with
carrying a pregnancy should be provided to these
women who subsequently wish to utilise their stored
oocytes and embryos to achieve a pregnancy. A
successful pregnancy will require not only a viable
embryo, but also a uterine cavity that is receptive to
embryo implantation, and a uterus that has the ability
to accommodate normal growth of the fetus to term.

(ii) Previous uterine irradiation is associated with a
smaller uterine volume; this can be related to direct
radiation damage and/or hormonal depletion due to
associated ovarian failure [15, 17].

(iii) The threshold radiation dose for uterine damage
to occur such that pregnancy is not sustainable is
unknown. To our knowledge no successful pregnancy
has been reported after a direct radical dose (>45Gy)
to the whole pelvis.

(iv) It appears that younger age at uterine radiation leads
to greater adverse effects on uterine reproductive
capacity, particularly in prepubertal girls.

(v) The radiation-induced uterine injury is also dose
and site dependent and with more severe uterine
damage occurs with higher dose radiation and radi-
ation directly involving the uterus. Radiation doses of
>25Gy directly to the uterus in childhood appears to
induce irreversible damage [15, 16].

(vi) Exposure of adult uterus to TBI (12Gy) is associated
with increased risk of miscarriage, preterm labour,
and low birth weight babies.

(vii) The mechanisms of impaired uterine function fol-
lowing radiotherapy are not clearly defined; however,
impaired uterine blood supply, defective endometrial
function, and poor uterine distensibility have all been
implicated. It has been suggested that the uterine
damage from radiation is related to (a) damage
to the endometrium, therefore impairing normal
decidualization and interference with placentation.
(b) Damage to the uterine vasculature and impair-
ment of future trophoblast invasion, which ultimately
can decrease fetal-placental blood flow causing fetal
growth restriction. (c) Development of myometrial
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Reproductive aged woman who desires pregnancy has previously been exposed to uterine radiation

Evaluate current ovarian function

Presence of previously cryopreserved egg or embryo?

Consider donor egg or embryo program?

Evaluate the status of the irradiated uterus.

Discourage pregnancy

Consider surrogacy

Ovarian failure

Normal ovarian 
function Yes No

Whole pelvic radiation >45Gy
(>25Gy if childhood radiation)

∙ Ensure that discussion of potential fertility implications of cancer treatment
occurs prior to chemoradiation.

∙ Discuss possibility of egg or embryo cryopreservation if cancer treatment likely
to induce ovarian failure.

∙ Ascertain the dose, duration, and radiation field to the uterus.
∙ USS to assess uterine volume and endometrial thickness.
∙ MRI to assess myometrial fibrosis.

TBI/partial-pelvic radiation 4–45Gy (4–25Gy if childhood radiation)
∙ Advise the patient that outcomes for pregnancy are unknown, and
the potential increased risk of pregnancy complications.
∙ Discuss with patient and her oncologist regarding the prognosis for
her tumour and the potential risks of pregnancy.
∙ Assess general health of the patient regarding suitability for
pregnancy, including potential risks of chemotherapeutic regimen.

∙ Ensure pregnancy is managed by multidisciplinary team, including
maternal-fetal medicine specialists and oncologists.

∙ Reassessment of the irradiated uterus with USS/MRI,
hysteroscopy, and histological examination.

∙ Consider HRT ± PTX-Vit E regimen.

Figure 1: Proposed process for assessment of uterus after radiation therapy in patient requesting fertility.

fibrosis which reduces uterine elasticity and volume.
This can lead to preterm labour and delivery [45, 46].

(viii) There is limited evidence to guide management
of women with cryopreserved oocytes or embryos
following pelvic radiation. Ultrasound and Doppler
examinations can be used to assess uterine volume,
endometrial thickness, and uterine vascular supply
but there are no values to guide clinicians about
when a pregnancy could safely be attempted. MRI
is an effective tool to demonstrate other characteris-
tics of radiation-induced changes, including atrophy,
fibrosis, and local tissue ischemia, but there are no
published studies of uterine MRI changes before and
after radiation.

(ix) There is currently no information to show that
changes in uterine imaging predict pregnancy out-
comes following uterine radiation.

(x) Sex steroid replacementmay have a role in restoration
of satisfactory uterine volume, endometrial thickness,
and uterine vascularization in women who have been
exposed to lower dose uterine radiation (<25Gy) at
a postpubertal age. However, its use in women who

had been exposed to higher dose radiation (>25Gy)
at a younger age has been disappointing [15, 16].

6.1. Future Potential Mechanisms to Improve/Protect
Uterine Function after Radiation

(i) There is preliminary evidence that a combination of
pentoxifylline and tocopherol may improve uterine
function as an adjuvant therapy. Although successful
pregnancies have been reported, more evidence is
needed to demonstrate the efficacy and safety of PTX-
Vit E in improving pregnancy rates and outcome
in women who are suffering from radiation-induced
uterine injury.

(ii) With improvements in radiotherapy delivery technol-
ogy methods such as intensity modulated radiation
therapy, cyberknife, tomotherapy, and stereotactic
radiotherapy, there may be the potential to limit
radiotherapy exposure to the uterus or to restrict
exposure to part of the uterine corpus or cervix,
depending on the tumour location and characteris-
tics. The reproductive implications of partial uterine
irradiation are not yet known.
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(iii) With the growing numbers of adult women surviving
cancers managed with pelvic radiation, there is an
urgent need to ensure that fertility issues are discussed
prior to treatment and that further data are collected
on the reproductive impact of total or partial uterine
radiation in order to inform future clinical manage-
ment (Figure 1).
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Background. Breast conserving surgery followed by whole breast irradiation is widely accepted as standard of care for early breast
cancer. Addition of a boost dose to the initial tumor area further reduces local recurrences. We investigated the dosimetric benefits
of a simultaneously integrated boost (SIB) compared to a sequential boost to hypofractionate the boost volume, while maintaining
normofractionation on the breast. Methods. For 10 patients 4 treatment plans were deployed, 1 with a sequential photon boost,
and 3 with different SIB techniques: on a conventional linear accelerator, helical TomoTherapy, and static TomoDirect. Dosimetric
comparison was performed. Results. PTV-coverage was good in all techniques. Conformity was better with all SIB techniques
compared to sequential boost (P = 0.0001).There was less dose spilling to the ipsilateral breast outside the PTVboost (P = 0.04).The
dose to the organs at risk (OAR) was not influenced by SIB compared to sequential boost. Helical TomoTherapy showed a higher
mean dose to the contralateral breast, but less than 5Gy for each patient. Conclusions. SIB showed less dose spilling within the
breast and equal dose to OAR compared to sequential boost. Both helical TomoTherapy and the conventional technique delivered
acceptable dosimetry. SIB seems a safe alternative and can be implemented in clinical routine.

1. Introduction

For early breast cancer, breast conserving surgery followed
by postoperative radiotherapy is accepted as equally effective
as mastectomy [1–3]. Postoperative radiotherapy mostly con-
sists ofwhole breast irradiation (WBI)with orwithout a boost
dose to the lumpectomy area. The addition of a boost dose
increases local relapse-free survival [4]. Often postoperative
radiotherapy is delivered in daily fractions of 2Gray (Gy)with
a sequential boost after completion of WBI, resulting in long
treatment schedules of up to 7 weeks.

In the last decades, there is a growing interest in the
delivery of a simultaneously integrated boost (SIB). With this
approach a daily boost dose is given to the lumpectomy area
during the WBI. This results in less radiotherapy fractions.
Advanced imaging techniques for accurate pretreatment
staging and positioning have made it possible to more

accurately delineate the boost area in the postoperative
setting. With the developments in dosimetry software, an
integrated boost dose within another dose volume can be
calculated. Availability of daily image guidance before every
radiotherapy session allows accurate repositioning of the
breast and the boost volume within it.

SIB is explored earlier for other cancers [5–9], showing a
good coverage of the boost region, with limited dose spread
to the surrounding tissues and without excess of dose to the
organs at risk (OAR). This technique is now routinely used
for several indications, mainly head and neck tumors [10].
The dosimetric advantages of SIB for breast treatment also
were examined earlier [11–15]. However, discussion remains
on what technique is to be preferred for SIB delivery.

We present a dosimetric comparison of WBI with a
sequential boost, compared to 3 different techniques of WBI
with SIB.
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2. Materials and Methods

2.1. Patient Selection and Image Data. From a pool of avail-
able computed tomography (CT) scans of early breast cancer
patients treated in an earlier trial [16], 10 situations were
selected: 5 left-sided and 5 right-sided tumors. On each side, 5
tumor locations were present: upper-outer quadrant, upper-
inner quadrant, lower-outer quadrant, lower-inner quadrant,
and middle of the breast. Within the selection, we included
large as well as small target volumes, large as well as small
breast volumes, and deeply as well as superficially located
primary tumor beds on both sides. The same 10 CT scans
were used for an earlier dosimetric comparison, searching for
the best technique to deliver a sequential boost [17]. Patients
were scanned with 3mm slice thickness in supine position
with both arms above the head in a dedicated arm support. A
lead wire was placed on the surgical scar.

2.2. Planning Target Volumes andOrgans at Risk. Contouring
of the target volumes and OAR was done at the time of
and according to the protocol of the phase III trial [16]. A
CTVbreast was drawn to include all visible breast tissue from
5mm under the skin to the anterior surface of the pectoralis,
serratus anterior muscles. A CTVboost was drawn to include
the site of the primary tumor, according to preoperative
mammography and/or MRI of the breast and according to
the visual seroma and/or scar on CT, with a margin of 7mm
in all directions, but within the breast tissue, to encompass
potential microscopic disease extension. When present, sur-
gical clips were to be within the CTVboost. The CTVboost
excluded the skin, pectoralis muscle, ribs, lung, and heart.
PTVboost to CTVboost margin was 5mm in all directions
but limited at the skin surface.The PTVbreast and PTVboost
could extend beyond the pectoralis major muscle/breast
tissue interface. Evaluation volumes (EV) “EVbreast” and
“EVboost”were defined as the PTV limited at 5mmbelow the
skin surface (there was no skin involvement in these cases).
The EV was used for generating dose volume histograms
(DVH) and comparative analyses. A margin of 5mm was
chosen to minimize the influence of the dose build-up area at
the skin, which can vary for different techniques. As OAR the
ipsilateral lung, contralateral lung, heart, and contralateral
breast were contoured.

(i) Ipsilateral and contralateral lung: autosegmentation
with manual verification.

(ii) Heart: beginning from the level in which the pul-
monary trunk branches into the left and right
pulmonary arteries to its most extent near the
diaphragm, excluding pericardial fat.

(iii) Contralateral breast: all visible breast tissue from
5mm under the skin to the anterior surface of the
pectoralis, serratus anterior muscles.

2.3. Beam Setup and Plan Prescription. In the earlier dosi-
metric comparison [17] we showed that the best noninvasive
technique to deliver a sequential boost was with the Vero
SBRT system (joint product of BrainLAB; BrainLAB AG,

Feldkirchen, Germany, and MHI; Mitsubishi Heavy Indus-
tries, Tokyo, Japan) [18]. In this work only the dosimetry of
the boost dose was performed. For the planning of the boost
on Vero 2 conformal tangential fields (ring 0∘) were chosen
to cover the PTVboost and avoid as much as possible the
ipsilateral lung, heart, and contralateral breast. Afterwards 2
more beams per tangential beam were added with the same
gantry angle but different ring rotation (30∘ and 330∘). As last
part more conformal beams and compensation fields were
added to reach a conformal dose distribution with a low dose
toOAR.Themaximumamount of beams per patient was kept
at 10 to keep the treatment time acceptable. A treatment with
10 beams can take up to 25 minutes.

For the current comparison, we performed a summation
of the dosimetry of a WBI with 2 tangential compensated
fields on a conventional linear accelerator with the dosimetry
of boost irradiation on Vero. This was the reference for
the sequential boost technique and was compared to 3 SIB
techniques, one with CMS XIO planning software (Elekta
AB, Stockholm, Sweden) and 2with the TomoTherapy system
using the helical TomoTherapy aswell as the static application
(TomoDirect) for tangential IMRT (Accuray Inc., Madison,
USA) (Table 1). For the CMS XIO planning a technique with
2 opposing tangential fields for the WBI was used. Field-
in-field segments or wedges could be used to optimize dose
homogeneity. For the SIB, 2 or 3 static fields or a dynamic
arc technique could be used. TomoTherapy combines a
rotational IMRT with a translational movement of the couch.
Blocking structures and working volumes were used as was
published earlier [19]. TomoDirect is the static application of
TomoTherapy, where the gantry can be fixed at prechosen
angles. Four tangential beams were used to cover the whole
breast and 1 beam perpendicular to the breast was used to
cover the boost region.

The dose prescription to the whole breast was 50Gy, 2Gy
per fraction. For the sequential boost a dose of 16Gy, 2Gy
per fraction, was delivered to the initial tumor bed. For the
SIB a daily integrated dose of 0.4Gy was delivered, giving a
total dose of 60Gy to the initial tumor bed.The fraction dose
of 2.4Gy was chosen to be biologically equivalent to 66Gy in
2Gy per fraction according to the following formula [22]:

BED = 𝑛𝑑 (1 + 𝑑)
(𝛼/𝛽)

, (1)

where n is the number of fractions, d is the fraction dose,
𝛼/𝛽 = 3 for cosmetic outcome [23], and 𝛼/𝛽 = 4 for local
recurrence [24].

The planning aims were to cover 95% of the volume of
the PTV with at least 95% of the prescribed dose, but not
more than 107%. For the OAR constraints and priorities were
prescribed (Table 2), but an effort was made to deliver as low
dose as possible. The mean near-maximum dose (D2) was
used as a surrogate for the point maximum dose as suggested
in the ICRU Report 83 [21].

To analyse conformity of the boost dose distribution,
2 parameters were evaluated. The mean volume of breast
tissue that received 107% of the prescribed 50Gy (Vol107)
was compared as a measure of spilling of the dose by adding
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Table 1: Planning software and corresponding type of calculation algorithm.

Technique Planning software Type of calculation algorithm [20]
CMS XIO CMS XIO Release V4.62.00.13 b
Vero iPlan RT Dose 4.1.2 for Vero b
Helical TomoTherapy TomoTherapy Planning Station H-Art Version 4.0.5 b
TomoDirect TomoTherapy Planning Station H-Art Version 4.0.5 b

(a) Sequential boost: 25 × 2Gy + 8 × 2Gy (total dose: 66Gy)

(b) SIB with CMS XIO: 25 × 2 à 2.4 Gy (total dose: 60Gy)

Figure 1: Example of dose distribution. Legend: red: 107% of total dose ((a) 70.62Gy, (b) 64.2Gy), orange: 100% of total dose ((a) 66Gy, (b)
60Gy), yellow: 95% of total dose ((a) 62.7Gy, (b) 57Gy), dark green: 55Gy, middle green: 50Gy, light green: 47.5 Gy, blue: 40Gy, pink: 30Gy,
old pink: 20Gy, purple: 5 Gy.

Table 2: Constraints to organs at risk and priority list.

Priority Organ Constraint
1 Heart V30 ≤ 10%
2 Ipsilateral lung V20 ≤ 20%
3 Contralateral lung V5 ≤ 5%
4 Contralateral breast V10 ≤ 5%

the boost. A conformity index (CI) was calculated, using the
following formula [25]:

CI =
TVPIV

2

TV ∗ PIV
, (2)

where TV is the target volume, PIV is the prescription dose
volume, andTVPIV is the overlap of TV and PIV.

In this setting the TV is the EVboost and the PIV is the
95% isodose of the total dose (66Gy for sequential boost,
60Gy for SIB).

2.4. Statistical Analysis. Thedifferences ofmeans between the
plans were compared and analyzed with ANOVA with a post
hoc analysis test using a Bonferroni correction for multiple
testing with IBM SPSS version 19.

3. Results

The pathological T-stage ranged from T1b to T2. The mean
maximal diameter of the tumor was 1.6 cm (range: 0.6–
2.7 cm). In 3 patients the deepest border of the tumor was
located at a minimal distance of 3.5 cm from the skin surface.
In 9 patients the PTVboost reached the skin surface. The
mean PTVboost volume was 71.73 cc (range: 24.91–137.88 cc).
The mean volume of the PTVbreast was 704.26 cc (range:
252.56–1234.25 cc). The mean PTVboost to PTVbreast ratio
was 11.26% (range: 5.49%–19.71%). Six patients had seroma
with a mean volume of 9.26 cc (range: 0.00–45.84 cc). No
correlation was found between the tumor size, the PTVboost
volume, or the volume of the ipsilateral breast with the CI or
with the dose to the OAR.

Figure 1 shows the dose distribution of the summation
of the whole breast irradiation with the sequential boost on
Vero compared with the SIB with CMS XIO for one patient.
Table 3 summarizes the dosimetric comparison. Coverage for
all techniques was acceptable. There were a few violations
(less than 95% of the EVboost or EV breast received 95%
of the prescribed dose). The reason for these violations was
the build-up exceeding 5mm. In these plans there was an
underdosage located at the skin.
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None of the techniques achieved a CI of 70% or more.
The CI was between 60 and 70% in none of the patients
with the sequential technique, in 1 patient with CMS XIO, in
1 patient with helical TomoTherapy, and in 2 patients with
TomoDirect. The CI was between 50 and 60% in none of
the patients with the sequential technique, in 8 patients with
CMS XIO, in 2 patients with helical TomoTherapy, and in
3 patients with TomoDirect. CI was less than 50% in all
of the patients with the sequential technique, in 1 patient
with CMS XIO, in 7 patients with helical TomoTherapy,
and in 5 patients with TomoDirect. When using a cut off
of 50%, there were more patients with a higher CI for
the SIB techniques compared to the sequential boost. This
difference was statistically significant (𝑃 = 0.0001). There
was a statistically significant difference in the mean volume
of the ipsilateral breast receiving 107% of the prescribed 50Gy
(Vol107) between the sequential boost and the SIB with CMS
XIO (𝑃 = 0.001, Bonferroni post hoc analysis).

The difference in dose to the heart and ipsilateral lung
was not statistically significant between the 4 treatment
techniques. The V5 of the contralateral breast was <5% for
all patients with the sequential technique, with CMSXIO and
with TomoDirect.With helical TomoTherapy theV5was>5%
for 3 patients. The mean dose to the contralateral breast was
low with all techniques but did show a statistically significant
difference with the ANOVA test (𝑃 = 0.01), which could
not be found with the post hoc Bonferroni testing because of
the low patient numbers, though there was a trend for worse
results for helical TomoTherapy (𝑃 = 0.069). The mean dose
to the contralateral breast was less than 5Gy for all helical
TomoTherapy plans.

4. Discussion

The schedules and techniques for postoperative radiotherapy
are developed in an era when there was no CT-scan to
adjust the fields to the anatomy of the individual patient
and when there were less advanced imaging techniques
available to perform an accurate pretreatment staging and
positioning. Electron boost dosimetry was not possible and
positioning of the boost area was done clinically based upon
not much more than the localization of the surgical scar and
palpation of postoperative changes within the breast, guided
by preoperative mammography, which deforms the breast to
achieve a good image quality.

The last decades have shown a tremendous evolution in
techniques for imaging and radiotherapy delivery. Yet, very
often, the breast radiotherapy technique has not evolved with
it. Developments in imaging techniques, dosimetry software,
and treatment machines have led to the possibility of giving
postoperative WBI with SIB for breast cancer patients.

The cosmetic outcome after breast conserving therapy for
early breast cancer is of high importance. Less dose spilling
within the treated breast theoretically diminishes the risk
of developing fibrosis or late skin reactions. But a higher
fraction dose could increase the risk of late skin or breast
toxicity [22]. In a prospective cohort of 940 patients treated
with a 3D conformal radiotherapy SIB, acceptable toxicity at
a median follow-up of 30 months was shown with minimal

grade 2 fibrosis in 8.5% and telangiectasia in 3.7% of patients
at 3 years of follow-up [26]. In a randomized trial in our
own department, we compared a long standard radiotherapy
schedule of 25 fractions of 2Gy with an additional electron
boost of 8 fractions of 2Gy to the initial tumor area with a
hypofractionated schedule of 15 fractions of 2.8 Gy with a SIB
of 0.6Gy, delivering a total dose of 51 Gy to the initial tumor
area. We saw equal breast symptoms [27] and equal breast
fibrosis in both arms [16]. The ongoing RTOG 1005 trial will
evaluate a hypofractionated dose schedulewith SIB compared
to a standard treatment schedule with sequential boost. The
late results of these trials will deliver more information about
the tolerance of SIB.

The dosimetric advantages of SIB for breast treatment
were examined earlier [11–15].We confirm these results when
comparing SIB with a sequential boost, which has been
performed with the best available technique according to an
earlier comparison [17] and we show that advanced IMRT
techniques are not required for SIB. Indeed, all SIB techniques
perform better than the sequential technique. Dose distribu-
tion analysis shows more conformity and less dose spilling
to the ipsilateral breast tissue outside the boost volume. This
can be explained by the PTVboost being surrounded by the
PTVbreast. The PTVbreast also has to receive dose, although
lower than the PTVboost. In the sequential setting, dose to
the surrounding breast tissue is unwanted, and in case of SIB,
dose to the surrounding breast tissue is necessary. A second
explanation for better conformity can be the smaller margins
around the PTVboost necessary for coverage with the SIB
technique than with the sequential boost. For the sequential
technique, field apertures have to be severalmillimeters larger
than the PTVboost volume to account for the penumbra. For
the SIB technique no extra margin around the PTVboost is
needed to obtain target coverage. This advantage was also
seen by van der Laan et al. [13].

Hijal et al. compared a SIB technique with helical
TomoTherapy to a 3D conformal SIB technique, showing that
the helical TomoTherapy delivers better homogeneity and
less dose spilling than the 3D technique [14]. For the 3D
SIB technique they used 2 tangential photon fields and one
perpendicular electron field.

In our comparison we find that an arc technique in most
situations delivers a better homogeneity than static fields for
SIB delivery. This is different in case of a sequential boost.
In an earlier dosimetric comparison of different noninvasive
sequential boost techniques [17], the static 3D conformal
radiotherapy techniquewith 2 or 3 fields was preferable above
arc technique. In the sequential setting, the dose spread
caused by an arc technique was a disadvantage; in the SIB
technique this dose spread was no longer a burden, but an
advantage, provided that the dose did not spread in the
direction of the lung or heart.

Franco et al. delivered SIB with TomoDirect [28]. They
foundmild toxicity with only 1 patient on a total of 82 patients
with grade 2 or more fibrosis and good to excellent cosmesis
in 75 patients at 1 year. However, a follow-up time of 1 year
is not enough for cosmetic outcome. In our comparison, we
find that TomoDirect is least feasible for SIB delivery. Better
dosimetric resultswithTomoDirect are probably possible, but
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at the cost of longer daily treatment time and thus losing the
gain in treatment time compared to helical TomoTherapy.

Compared to the earlier comparison of sequential boost
techniques [17], we see lower results for CI for all SIB
techniques.This is caused by the necessary presence of dose to
the surrounding breast tissue. From the results of the present
analysis, we feel that a CI of 50% or more should be pursued.
However, there are no data available to support this. With
growing experience, this may be adjusted.

For our analyses, we use the formula suggested byPaddick
[25] because it considers overdosage as well as underdosage.
In routine practice, however, this formula is difficult to use for
decision making during the dosimetry, since it uses volumes
that often can only be calculated when the dosimetry is
finished. As an alternative, one could evaluate the volume
within the ipsilateral breast that receives an overdosage
because of the addition of the SIB, for example, the volume
of the ipsilateral breast receiving 55Gy, which is 110% or
more of the prescribed dose to the whole breast. This dose
is the maximum accepted dose in our department without
an integrated boost. When there is a choice between several
dosimetry options for SIB delivery and in case of equal dose
to the OAR, the technique with the lowest V55 is to be
preferred.

SIB does not cause higher dose to the surrounding OAR
compared to sequential boost. We do not expect an increased
cardiac or pulmonary toxicity because of a SIB, since it
delivers equal dose to the heart and lungs.Thus, SIB should be
equally feasible as a sequential boost for patients who benefit
of a systemic treatment.

Though only low mean dose to the contralateral breast
is seen, it was highest with helical TomoTherapy. This seems
inherent to the rotational technique and not caused by the
SIB [19]. It is however of extreme importance to apply very
strict constraints in case of inverse planning. The aim should
always be to deliver equal or less dose to the OAR compared
to the standard technique of 2 tangential fields with electron
boost. In case of multibeam IMRT, one should keep in mind
that there is an increased risk for development of secondary
cancers [29].

Based upon the results of this comparison, we changed
the planning target values in our daily routine. We apply 2
levels of target values becausewewant to find the best possible
dosimetry, not only a dosimetry that fits the constraints, but
one that with some extra effort could be better. The first level
contains very strict target values that we always strive for,
derived from the mean results of the CMS XIO dosimetry
in this comparison. At this level, we aim for a V30 of the
heart of less than 2% for a right breast and less than 5% for
a left breast irradiation. We try to keep the V10 at 0% for a
right breast and less than 20% for a left breast irradiation.
The mean dose should not exceed 2Gy for a right breast and
4Gy for a left breast.The heart has first priority, since a recent
population-based case-control study showed that the rates of
major coronary events increased linearly with the mean dose
to the heart by 7.4% per Gy, with no apparent threshold [30].

We aim to keep theV20 of the ipsilateral lung beneath 15%
when there is no lymph node irradiation and beneath 20%
when the lymph node areas are part of the target. We aim for

a V5 of the ipsilateral lung less than 30%. The contralateral
breast is outside the field.

A minor violation exists if these very strict target values
cannot be met. Minor violations are no reason to reject the
dosimetry. There is a second level with absolute constraints,
which are more commonly used and are based primarily
upon the presumed risk of developing toxicity.TheV30 of the
heart should not exceed 5% for a right breast, 15% for a left
breast. The maximal tolerable V10 is 10% for a right breast,
30% for a left breast, and the mean dose has to be less than
5Gy for both sides.

The V20 of the ipsilateral lung should be less than 30%,
for both lungs less than 20% with a mean dose not exceeding
15Gy. The V5 of the ipsilateral lung should be as low as
possible, but not more than 70%.

If one of these constraints cannot be met, a major
violation exists. In case of one or more major violations, the
treating radiation therapist has to decide if the dosimetry is
clinically acceptable or should be rejected.

When a SIB is given, the lumpectomy area is irradiated
with a higher dose from the start of the radiotherapy course.
It is important that the delay between surgery and start of
radiotherapy is long enough for postoperative changes to
heal. If there is a postoperative seroma or hematoma of more
than 30 cc, the boost area becomes relatively large, which has
a negative impact on cosmetic outcome [31]. A delay of 3
weeks between surgery and CT-scan for dosimetry usually
seems sufficient. If not, a longer delay before the start of the
radiotherapy or replanning of the radiotherapy after 3 weeks
is to be considered.

Next to the dosimetric advantages, SIB has practical
advantages. There are less fractions, which has an economic
benefit, not only for the radiotherapy department [32], but
also for the patient, having less transportation costs.The daily
treatment time is not majorly influenced by delivery of SIB.
From our experience in the department, we estimate the
routine daily treatment time on a classic linear accelerator
to be 12 minutes for SIB, compared to 10 minutes for WBI
without SIB. The difference in daily treatment time is mainly
caused by the cone beam-CTwhich is performed daily in case
of SIB and only during the first week of treatment for WBI
without SIB. Daily treatment time for an additional boost
performed with electrons takes only 5 minutes; performed
with photons on Vero it can take up to 25 minutes. In case
of SIB with helical TomoTherapy, there is no excess in daily
treatment time. Treatment with TomoTherapy can take up to
20 minutes per session with or without SIB.

5. Conclusions

In conclusion, we confirm the dosimetric advantages of SIB
for breast irradiation, even when compared to an advanced
and highly conformal sequential technique. SIB can be per-
formed with acceptable dosimetry on a conventional linear
accelerator or on TomoTherapy. With helical TomoTherapy,
there is a risk of higher dose to the contralateral breast. On a
conventional linear accelerator, a technique with tangential
compensated fields for WBI and arc technique for SIB is
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preferable in most situations. SIB seems a safe alternative and
can be easily implemented in clinical routine.
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Here we investigated the establishment of multicenter cooperative treatment groups in China, as well as radiotherapy compliance
and effectiveness among children with renal tumors. Medical records were reviewed for 316 children with renal tumors diagnosed
by a multicenter cooperative group from 14 hospitals in China from 1998 to 2012. Median patient age was 29.5 months (range, 2–173
months old), andmale-to-female ratio was 1.4 : 1. After amedian follow-up of 22months (range, 1–177months), five-year event-free
survival rates were 72% overall; 76.1% for favorable histology (251 cases); 59% for unfavorable histology (27 cases); and 91%, 75%,
71%, 53%, and 48.5%, respectively for Stages I, II, III, IV, and V. Following standardized criteria, radiation therapy was indicated for
153 patients, amongwhomfive-year event-free survival was 72.8% for the 95 who received radiation and 24% for the 58 patients who
did not. Our results are reasonable but can be further improved and show the feasibility of a multicenter cooperative group model
for childhood renal tumor treatment in China. Radiation therapy is important for stage III and IV patients but remains difficult to
implement in some parts of China. Government management departments and medical professionals must pay attention to this
situation. This clinical trial is registered with ChiCTR-PRCH-14004372.

1. Introduction

Accounting for 5-6% of all malignant childhood tumors,
renal tumors are among the most common malignant solid

tumors in children, with Wilms’ tumor being the most
common childhood renal malignancy [1]. The introduction
of radiation therapy (RT) for Wilms’ tumor in the 1940s
increased the cure rate to nearly 50%, and addition of
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single-agent chemotherapy in the 1950s further improved
the 2-year survival rate to 60–80% [2, 3]. The outcome
for children with renal tumors has also improved with the
refinement of multimodal therapy—which includes surgery,
chemotherapy, and sometimes RT—such that overall survival
rates now approach 90% in developed countries [4, 5].

Over recent decades, treatment planning by collabo-
rative groups and multidisciplinary teams has contributed
immensely to increasing survival in developed countries;
however, such models are not yet widely implemented in
developing countries. Starting in 1998, at Shanghai Children’s
Medical Center in China, we have followed this effective
working model for treatment of childhood cancer, includ-
ing renal tumors. We organized a multidisciplinary team
of oncologists, surgeons, pathologists, and subspecialized
radiologists and established a tumor board for coordinating
diagnosis, treatment evaluation, and patient transfer among
these specialists. To acquire large sample data, we also set
up a multicenter cooperative group from 15 pediatric centers
that have treated childhood renal tumors using uniform
treatment guidelines adapted to local circumstances in China
since 1998. The present study aimed to evaluate whether
RT treatment had a significant impact on the outcome for
childhood renal tumor patients admitted to a multicenter
cooperative group and treated under a multidisciplinary
teamwork model.

2. Materials and Methods

We performed a retrospective review of patients with a
pathologically proven diagnosis of renal tumor—including
Wilms’ tumor, clear cell sarcoma, rhabdoid tumor, and other
renal tumors—from a multicenter cooperative group of 14
hospitals in China from December 1998 through September
2012. One of the originally selected 15 hospitals was rejected
because it did not conform to the requirements. This study
was approved by the Institutional Review Board of Shanghai
Children’s Medical Center. Diagnosis and treatment were
decided by a multidisciplinary team that included oncolo-
gists, surgeons, pathologists, and subspecialized radiologists.
The medical records of patients with renal tumors were
reviewed for age at diagnosis, sex, mode of presentation,
involved kidney, preoperative treatment, type of surgery,
stage, postoperative treatment modalities, follow-up period,
and outcome (including complications, tumor recurrence,
and survival).

An unfavorable histology is an anaplastic one detectable
by the presence of gigantic polypoid nuclei within the
tumor sample [6]. The criteria distinguishing focal from
diffuse anaplasia on previous NWTSG protocols were mod-
ified. The original definition of focal anaplasia was based
on the amount of anaplasia present. The new definition
emphasizes the distribution of anaplasia [7]. The lack of
anaplasia was considered a favorable histological feature.
Clear-cell sarcoma of the kidney and malignant rhabdoid
tumor of the kidney are now considered distinct tumor types
and were separately evaluated in our study. In all patients,
clinical staging was determined according to the criteria of

the Third and Fourth National Wilms’ Tumor Study Group
(NWTSG), based exclusively on the anatomic extent of the
tumor, without considering genetic, biological, or molecular
markers. Histological classification was also as defined by the
NWTSG study.

The regime of systemic chemotherapy was worked out
according to the NWTSG protocol. Patients with Stage I-
II favorable histology and with Stage I focal anaplastic
histology received WT (1) (Dactinomycin and Vincristine)
for 19 weeks. Patients with Stage III-IV favorable histology,
with Stage II-III focal anaplastic and with Stage I diffuse
anaplastic received WT (2) (Doxorubicin, Dactinomycin,
and Vincristine) for 25 weeks. Patients with Stage II-III
diffuse anaplastic, with Stage I–III clear cell sarcoma, and
with Stage IV focal anaplastic received WT (3) (Cyclophos-
phamide, Doxorubicin, Vincristine, and Etoposide) for 25
weeks. Patients with Stage I–IV rhabdoid tumor, with Stage
IV diffuse anaplastic, and clear cell sarcoma received WT (4)
(Carboplatin, Cyclophosphamide, Doxorubicin, Vincristine,
and Etoposide) for 27 weeks. Patients with Stage IV or
unresectable Stage III tumor received WT (5) (Ifosfamide,
Vincristine, and Etoposide) for six weeks and were reassessed
for feasibility of surgical management then switched to the
regimen after surgery depending on the original staging.
Various drug doses were showed in supplement Table 1
available online at http://dx.doi.org/10.1155/2014/894341.

Most patients with unilateral renal tumors were treated
surgically, followed by postoperative chemotherapy with or
without RT. The exact protocol was determined according
to the NWTS protocols and depended on the patient’s age
and the stage of the tumor. Preoperative chemotherapy was
administered to patients with bilateral Wilms’ tumor (BWT)
or with a tumor that could not be removed completely at the
first presentation.

For patients whose primary tumors were initially
resected, RT was started within 10 days after operation when
indicated. Table 1 shows the indications for radiation therapy.
For patients younger than 12 months of age, RT was omitted
or delayed until the child reached 12 months old. For patients
with liver and/or lung metastatic diseases, the decision of
whether to administer metastatic site RT was made based on
discussion between the physician, radiologist, and parents.

2.1. Statistical Methods. Event-free survival (EFS) was
defined as the time from study entry to the first occurrence
of progression, relapse, and death from any cause or loss
to follow-up. Survival was defined as the time from study
entry to death from any cause. Patients without events were
censored at the time of their last follow-up.The collected data
were analyzed using SPSS software, version 13.0. Survival
rates were assessed using the Kaplan-Meier method.

3. Results

During the study period, 316 children diagnosed as having
renal tumors were admitted to a multicenter cooperative
group in China. Of these patients, 186 weremale and 130 were
female (M/F = 1.4). The median age at the time of diagnosis
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Table 1: Radiation dose and volume by tumor stage or clinical presentation.

Stage III-IV
favorable histology

(1) Whole abdomen irradiation (WAI) 10.8Gy in six 180 cGy fractions. Supplemental doses of 1080 cGy are
given to patients with residual tumor.
(2) Metastatic sites: liver irradiation 19.8Gy, lesser volumes may receive 540 to 1080 cGy, 3060 cGy doses should
not be given to more than 75% of the liver volume; whole lung irradiation 12Gy followed by an additional
750 cGy; lymph node irradiation 19.8Gy followed by a local boost of 5.4–10.8Gy; whole brain irradiation
30.6Gy; bone irradiation 30.6Gy.

Stage II–IV
anaplasia

(1) Patients will receive supplemental “boost” irradiation 19.8Gy. Whole abdomen irradiation (WAI) 19.8Gy
followed by a flank boost 9Gy are given to patients with stage III-IV anaplasia.
(2) Metastatic sites: same as stage IV favorable histology.

Stage II–IV clear cell
sarcoma

(1) Supplemental irradiation 10.8Gy are given to patients with stage II clear cell sarcoma. Whole abdomen
irradiation (WAI) 10.8Gy followed by a local boost. Metastatic sites are given to patients with stage III clear cell
sarcoma.
(2) Metastatic sites: same as stage IV favorable histology.

Stage I–IV rhabdoid
tumor

(1) Whole abdomen irradiation (WAI) 19.8Gy followed by a local boost. Patients 12 months or younger will have
their total dose reduced to 10.8Gy.
(2) Metastatic sites: same as stage IV favorable histology.
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Figure 1: Kaplan-Meier estimations of event-free survival for 316
renal tumor patients.

was 29.5 months (range, 2–173 months); 248 (78.5%) were
between 0–4 years old, of which 66 were <1 year old, 70 were
1-2 years old, 66 were 2-3 years old, and 46 were 3-4 years of
age. Favorable histology (FH) was diagnosed in 251 patients
(79.4%), unfavorable histology (UFH) in 27 patients (8.5%),
clear cell sarcoma in 24 patients (7.6%), rhabdoid tumor in 11
patients (3.5%), and undifferentiated renal tumor in 3 patients
(0.9%). Tumor stage was determined at initial exploration,
with 86 patients (27.2%) designated Stage I, 98 (31.0%) Stage
II, 80 (25.3%) Stage III, 41 (13.0%) Stage IV, and 11 (3.5%)
Stage V.

The median follow-up of all patients was 22 months
(range, 3–177 months). The five-year EFS rates were 72%
for all patients (Figure 1), 79% for FH (55 cases), 59% for
UFH (27 cases), 73% for clear cell sarcoma (24 cases), and
46% for rhabdoid tumor (11 cases). Survival rates significantly
differed between groups with FH, UFH, clear cell sarcomas,
and rhabdoid tumors (𝑃 = 0.000; Figure 2).The five-year EFS
rates were 91.1% for Stage I, 75.3% for Stage II, 70.7% for Stage
III, 53% for Stage IV, and 48.5% for Stage V (Figure 3).
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Figure 2: Kaplan-Meier estimations of event-free survival for
various groups of renal tumor patients. FH, favorable histology;
UFH, unfavorable histology.

The protocol indicated that RT should have been admin-
istered to 153 children following the initial surgery. Of these
153 patients, 95 were diagnosed with FH, 24 UFH, 20 clear
cell sarcoma, 11 rhabdoid tumor, and 3 other renal tumor.The
stages distribution among these 153 patients were 3 Stage I, 17
Stage II, 81 Stage III, 41 Stage IV, and 11 Stage V (Table 2).The
five-year EFS rates among these 153 cases were 66.3% for FH
and 52% for UFH patients. (𝑃 = 0.096; Figure 4).
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Table 2: Patient characteristics of the 153 patients who were administered RT.

Stage With RT Without RT
Number of cases Histology Number of cases Histology

I 0 — 3 3 rhabdoid

II 10 4 UFH, 5 clear cell, and 1
rhabdoid 7 4 UFH, 3 clear cell

III 56 41 FH, 5 UFH, 4 clear cell, 5
rhabdoid, and 1 undifferentiated 25 20 FH, 3 UFH, and 2 clear cell

IV 26 14 FH, 6 UFH, 5 clear cell, and 1
undifferentiated 15 10 FH, 1 UFH, 1 clear cell, 2

rhabdoid, and 1 undifferentiated
V 3 3 FH 8 7 FH and 1 UFH
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Figure 3: Kaplan-Meier estimations of event-free survival for 316
renal tumor patients according to stage.

Table 3: The five-year EFS rates among 153 patients indicated to
receive radiotherapy, according to whether they actually underwent
radiotherapy and histology.

Histology Five-year EFS rates (number of cases)
With RT Without RT

FH 74% (58) 31% (37)
UFH 70% (15) 0% (9)
Clear cell 76% (14) 56% (6)
Rhabdoid 50% (6) 40% (5)
Undifferentiated 100% (2) 0% (1)
Total 72.8% 24%

Tables 3 and 4 report the comparisons of five-year EFS
rates by histology and stage for the 153 patients with RT or
without RT.
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Figure 4: Kaplan-Meier estimations of EFS for 95 FH and 24 UFH
patients who were administered RT.

Table 4: The five-year EFS rates for 153 patients indicated to
receive radiotherapy, according to whether they actually underwent
radiotherapy and stage.

Stage Five-year EFS rates (number of cases)
With RT Without RT

I —∗ (0) 66.7% (3)
II 90% (10) 85.7% (7)
III 73.1% (56) 63.3% (25)
IV 76.1% (26) 0% (15)
V 50% (3) 46.9% (8)
Total 72.8% 24%
∗Only stage I rhabdoid tumor patients indicated to receive RT based on the
protocol and none of them actually underwent radiotherapy.

Among the 95 FH patients for which RT was indicated,
the five-year EFS rates were 74.3%, 60.1%, and 53.3% for
Stages III, IV, and V, respectively (Figure 5).
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Figure 5: Kaplan-Meier estimations of EFS for 95 FH patients who
were administered to RT by Stage.

Of the 95 FH patients indicated to receive RT based on
the protocol, 58 (61%) actually underwent RT.The remaining
37 patients (39%) did not receive RT due to lack of local
radiation facilities or child-specialized radiotherapy experts
or because the patients’ parents failed to comply. Among
patients who should have received RT, five-year EFS rates
significantly differed between cases with RT (74.4%) and
without RT (31%) (𝑃 = 0.043; Figure 6). Of the 24 UFH
patients indicated to receive RT based on the protocol, 15
(62.5%) actually underwent RT. The remaining 9 patients
(37.5%) did not receive RT. Among patients who should
have received RT, five-year EFS rates significantly differed
between cases with RT (70%) and without RT (31%) (𝑃 = 0.01;
Figure 6).

Three patients (3.1%) had hepatic venoocclusive disease
(VOD) marked by hepatomegaly, ascites, and increased
bilirubin at 33–63 days after RT—which was recovered within
15 days in each case. Among the 25 patients with liver and/or
lung metastatic diseases, only two received metastatic site RT
(both in the lung), based on a decisionmade by the physician,
radiologist, and parents. Among these patients, one of the 2
who received lung irradiation relapsed, while 7 of the 23 who
did not receive lung irradiation relapsed. No cardiac toxicity,
renal failure, lung toxicity, or toxic deaths occurred in our
study.

4. Discussion

Compared to developed countries, China has lower rates of
long-term event-free survival in cases of childhood renal
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Figure 6: Kaplan-Meier estimations of EFS for renal tumor patients
(FH and UFH) who were indicated to receive radiotherapy and who
did or did not actually undergo radiotherapy.

tumors. Developing countries face several specific challenges
when treating children with renal tumors. Children will
often present late with advanced disease, and failure to
complete treatment is a common cause of treatment failure.
Furthermore, surgery, chemotherapy, and radiotherapy are
often received in different hospitals, with no communication
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between different specialists. These challenges must be
taken into account when developing treatment guidelines
adapted to local conditions. The present multicenter coop-
erative group study was developed to improve these situa-
tions.

The percentage of Stage I tumors in our present study
(27.2%) was lower than that reported in NWTS-5 (35%).This
differencemay be due to the delay in the presentation of some
of our patients. Additionally, the rate of favorable histology
in our study was 79.4%, compared with 92.2% in NWTS-5
[8], which may account for the poor prognosis in our study
compared to in NWTS-5. According to NWTS-5 results,
surgery alone may be adequate treatment for a limited group
of children who are younger than 2 years of age at diagnosis
and have Stage I Wilms’ tumors with favorable histology
that weigh less than 550 grams [9]. Accordingly, we could
adjust our protocol for Stage I patients to avoid unnecessary
chemotherapy. In our study, 3.5% of patients were Stage V;
these patients showed very poor prognosis with an overall
five-year survival rate of 48.5%. Our overall survival rates
were lower than those of SIOP (overall 10-year survival rate,
69%) [10, 11].

Based on stage and histology, RT should have been
administered to 153 children in our present study. Of these
153 patients, 37.9% did not receive RT for various reasons,
including the lack of radiotherapy facilities in most of the
children’s hospital. Other reasons included a lack of children-
specialized radiotherapy experts, and patients’ parents’ failure
to comply. Among the patients indicated to receive RT, EFS
rates significantly differed between those who did and did
not actually undergo RT, according to different histological
features and stages. This finding shows that appropriate
administration of RT plays a very important role in this
protocol. Late effects of high radiation doses can lead to
growth retardation, function impairment, carcinogenesis,
and neurocognitive deficits. In our study, three patients
experienced VOD between 33 to 63 days after radiation
therapy, and no other side effects of radiation therapy were
reported.

In the NWTS-4, the two-year relapse-free survival rate
for patients with Stage IV disease was 81% [12]. In the
United KingdomWilms’ Tumor Study (UKWS 2/3), the four-
year EFS rates for Stages III, IV, and V were 82%, 70%,
and 70%, respectively [13, 14]. Compared to these previous
studies in developed countries, our presently reported sur-
vival rate was poor. However, if we restrict our analysis to
the patients who strictly followed the protocol and accepted
local RT, our results are close to those of these previous
studies.

The first Wilms’ tumor study by the United Kingdom
Children’s Cancer Study Group reported a survival rate of
only 65% in patients with lungmetastases who did not receive
radiation therapy [15]. Of the 25 patients in our study with
pulmonary metastases, 2 received lung irradiation, of which
1 relapsed.Of the 23whowere not radiated, 7 relapsed (4 cases
in lung and 4 cases in abdomen). Our present findings raise
questions about the role of lung irradiation.

5. Conclusion

A multicenter cooperative group model for childhood renal
tumor treatment is feasible in China. The present results are
reasonable but can be further improved. Radiation therapy
is important for stage III and IV patients, and it should
be administered when indicated. In some parts of China, it
remains difficult to implement radiation therapy, and govern-
ment management departments and medical professionals
must pay attention to this situation.
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Objective. To explore the implementation of incident learning for quality management of radiotherapy in a new established
radiotherapy program. Materials and Methods. With reference to the consensus recommendations by American Association of
Physicist inMedicine, an incident learning systemwas specifically established for reporting, investigating, and learning of individual
incidents.The incidents that occurred in external beam radiotherapy from February, 2012, to February, 2014, were reported. Results.
A total of 28 near misses and 5 incidents were reported. Among them, 5 originated in imaging for planning, 25 in planning, and 1
in plan transfer, commissioning, and delivery, respectively. One near miss/incident was classified as wrong patient, 7 wrong sites,
6 wrong laterality, and 5 wrong dose. Five reported incidents were all classified as grade 1/2 of dosimetric severity, 1 as grade 0,
and the other 4 as grade 1 of medical severity. For the causes/contributory factors, negligence, policy not followed, and inadequate
training contributed to 19, 15, and 12 near misses/incidents, respectively. The average incident rate per 100 patients treated was 0.4.
Conclusion. Effective implementation of incident learning can reduce the occurrence of near misses/incidents and enhance the
culture of safety.

1. Introduction

With the rapid development of equipment and technology,
the technique of radiotherapy becomes more and more com-
plicated.The treatment planning and delivery of radiotherapy
are a highly complex, multiple-step process, with multiple
professional groups involved. Every step of the care process
in radiation oncology requires knowledge in themanagement
of cancer and certain benign disease, radiobiology, medical
physics, and radiation safety that can only be achieved by
systematic and structured training. There are many steps
where incidents might occur, although major radiotherapy
incidents are rare. And it is challenging to determine the
actual error rate in radiotherapy. The quality management
of radiotherapy is paramountly important to guarantee the
appropriateness, quality, and safety of radiotherapy.

As a systematic tool and approach of qualitymanagement,
incident learning has proved its value in many industries
[1]. It has also already been successfully used for a number

of years in several radiation oncology clinics. A voluntary
international reporting system (Radiation Oncology Safety
Information System (ROSIS)) has been in online use for 9
years [2].The International Atomic Energy Agency (IAEA) is
leading the development of amulti-institution incident learn-
ing system, called Safety in Radiation Oncology, SAFRON.
American Society for Radiation Oncology (ASTRO) has
called for a national incident reporting/learning system as
part of its six-point “target safely” plan to improve patient
safety in radiotherapy. The American association of physicist
in medicine (AAPM) Work Group on the Prevention of
Errors (WGPE) published the consensus recommendations
for incident learning database structures in radiation oncol-
ogy in 2012 [3]. Learning radiotherapy incidents or near
misses through incident reporting systems may improve the
patient safety and clinical service quality [4]. Reporting,
acting on, and learning incidents and near misses may also
provide assessment of the success or failure of the quality
assurance program in preventing error. Sharing knowledge
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about incidents allows better process optimization with
information about likely severity and frequency of specific
errors and helps prioritize qualitymanagement initiatives [5–
8]. A number of references suggest reporting and learning
radiotherapy incidents or near misses.

While it is generally accepted that incident learning is
important in the radiation therapy setting, implementing
incident reporting and learning represents a considerable
challenge. It requires additional clinical resources and a well-
designed system for report, analysis, and response. What is
more important is the development of a more open mindset
and just culture for reporting near misses and incidents,
with an increased emphasis on incident learning to uncover
latent error pathways. Studies analyzing the effects of incident
learning on patient safety and quality in individual clinics
remain scarce, while several departments reported their
experience [9–13].

The purpose of this work is to explore the implemen-
tation and effectiveness of incident learning using a system
developed based onAAPMrecommended database structure
in a new established program of radiation oncology with
advanced technology.

2. Materials and Methods

2.1. Radiotherapy Program Description. Our department of
radiation oncology is a comprehensive clinical and aca-
demic department with new established external beam ra-
diotherapy program, delivering 537 treatment courses on
Trilogy (Varian, Palo Alto, CA) in 2012 and 725 treatment
courses on Trilogy and Axesse (Elekta AB, Stockholm,
Sweden) together in 2013. Trilogy and Axesse were put
into clinical use after commissioning on February 2012
and April 2013, respectively. The comprehensive record-and-
verify/information system of Aria (Varian, Palo Alto, CA)
and Mosaiq (Elekta AB, Stockholm, Sweden) were used
for Trilogy and Axesse, respectively. All the simulation,
planning, delivery, and information systems were newly
installed and commissioned. All the protocols and quality
management programs were established from scratch. For
simulation, Brilliance Big Bore CT (Philips Medical Systems,
Cleveland, USA) was used. Eclipse and Oncentra (Version
3.2.3; Elekta/Nucletron, Veenendaal, Netherlands) treatment
planning systems were mainly used for planning, in addition
to Pinnacle (Philips Radiation Oncology Systems, Fitch-
burg, WI) and Monaco systems. Most of the staff had
no previous intensity-modulated radiation therapy (IMRT)
and image-guided radiation therapy (IGRT) experience. The
techniques utilized included three-dimensional radiotherapy
(3D-CRT), IMRT, IGRT, volumetric modulated arc therapy
(VMAT), gated treatment, ultrasound guided radiotherapy,
four-dimensional (4D) cone beam computed tomography
(CT), and Hexapod (Schwabmünchen, Germany) treatment
couchwith six degrees of freedom.Theplanswere transferred
electronically to the record and verify system by Digital
Imaging and Communications in Medicine (DICOM). All
the plans were checked by senior physicist after radia-
tion oncologist approval, before treatment. At treatment,

the therapist rechecked the transferred data with printed plan
data and treatment chart parameters.

2.2. Development of the Reporting and Analysis System. With
reference to the consensus recommendations for incident
learning database structures in radiation oncology by Amer-
ican Association of Physicist in Medicine (AAPM), an inci-
dent learning system was specifically designed and devel-
oped for reporting, investigating, and learning of individual
external beam radiotherapy incidents in our department.The
definitions, processmaps, severity scales, causality taxonomy,
and data elements were referred from AAPM recommenda-
tion.The definitions of terms were clarified. 91 common steps
were identified for external beam radiation therapy, 35 safety
barriers were set. A ten-level dosimetric andmedical severity
scale were used to reflect the observed or estimated harm
to a patient and a radiation oncology-specific root causes
table was used to facilitate the root-cause analyses. Near-miss
incidents were assigned with the estimated harm that would
have occurred had the incident reached the patient.

2.3. Clarification of Definitions. We applied the definitions of
terms in accordance with the consensus recommendations
American Association of Physicist in Medicine (AAPM) [3].
An incident was defined as any unwanted or unexpected
change from a normal system behavior which causes or
has the potential to cause an adverse effect to persons or
equipment. A near miss was defined as any event or situation
that could have resulted in an accident, injury, or illness but
did not either by chance or through timely intervention. We
reported both incident and near miss mainly to highlight the
fact that all deviations are potentially of interest even those
that do not necessarily impact the patient. Safety barrier was
defined as any process step whose primary function is to
prevent an error or mistake from occurring or propagating
through the radiotherapy workflow.

2.4. Clinical Implementation. After pilot testing, clinical staff
used the system for reporting the incidents that occurred
in clinical practice. The incidents reported in the system
were then investigated, analyzed, and learned by a multi-
disciplinary team which includes the leaders of radiation
oncology, radiation physics, and technologists. The priority
of our implementation strategy was to strenuously promote
staff acceptance and participation through emphasis of senior
management participation and expectations with respect
to the establishment of a just environment. It was also to
promote openness about reporting incident, emphasis on
learning and support, and an obligation to act, where all
staff members felt comfortable disclosing incidents while
maintaining professional accountability.The establishedmul-
tidisciplinary team directs the reporting, investigation pro-
cess and determines the corrective actions and follow-up, as
required to ensuring prompt response and feedback.

The reporting process starts with the initial reporter who
submits the initial description of the event. The event is then
forwarded to supervisors of the involved areas by the team
leader (the chief of the department). In our implementation,
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Table 1: Summary of reported incidents and near misses.

Incident Near miss Patients treated Incident (%) Near miss (%) Total (%)
First year 3 19 537 0.56 3.54 4.10
Second year 2 9 725 0.28 1.24 1.52
Total 5 28 1262 0.40 2.22 2.61

even though there may be several areas involved in the
event, each event is processed by only one supervisor who
performs the initial analysis of the event and determines
the best approach for corrective action. Which supervisor
is selected to address an event depends on the main area
of involvement and on which supervisor believes to be in
the best position to address the issue. Each supervisor can
review other supervisor’s comments and event disposition.
This transparency and active involvement of supervisors in
event processing contributed significantly to the uniformity
of event processing by different supervisors.

The investigation of the incidents was addressed indi-
vidually by a small number of key supervisors. A full team
investigation is used for the more serious incidents and for
the incidents where the determination for the basic cause and
identification for the most appropriate learning component
requiresmore rigorous assessment. Immediately after report-
ing or monthly all reported incidents were reviewed at the
department multidisciplinary quality management forums.
As we collect a broad spectrum of events, from minor near
misses to potentially serious incidents, the event processing
can vary significantly from one event to another, and this
process evolved over time as our clinic gained experience
with the system. Low severity events that have already been
addressed and at first do not appear to require systematic pro-
cess changes, such as minor work flow variation or deviation
near misses, are typically only classified and cataloged so that
their statistics can be reviewed at a later time. Events that
are indicative of process weaknesses or the need for training
are immediately addressed by the supervisor, who initiates
procedural changes or schedules the necessary training.
These events are typically judged to be essential for the system
operation and corrective actions are relatively simple. The
event severity is reviewed and assigned by the supervisor
during the investigation and review of the event. Events are
subsequently processed based on the severity classification.
More complex events that require significant corrective
actions are forwarded to the department Process Improve-
ment Committee for further discussion and processing.

All relevant cause/contributory factors were investigated
and assigned by the investigating team, from the aspect of
management, technique, personnel, equipment, and process,
since it is a rare situation in which only one single cause is at
work, so that a full root-cause analysis can be implemented.
In addition, each discipline was further discussed or reflected
on the data within their own specialty, focusing on process
breaks and system errors, intent to find means of preventing
reoccurrence. Departmental no blame policy was advertised
repeatedly encouraging staff to report incidents without fear
of retribution. Blaming an individual or group as the only root

cause may lead to corrective actions that fail to address an
underlying cause. An individual’s actions must be viewed in
the context in which they act when performing root-cause
analysis. Each reporter can know about all events that they
have submitted along with the analysis performed by the
supervisor and the ultimate disposition of the events.

Learning actions included focused education sessions on
a specific process to highlight error risk, process mapping,
protocol changes, quality control measures and approaches
of prevention of errors and continuous improvement, dis-
cussion with specific workgroups to make them aware of
any error risk that has been identified, and presentations at
chart rounds. The incident learning was used for guidance in
reengineering clinical processes. The data and the statistics
collected through the established database were presented
at the department quality improvement conference with the
corrective actions, thus allowing easy communication of
problem details and corresponding process modifications.

The reported external beam radiotherapy nearmisses and
incidents were presented from February 2012 to February
2014.The reporting trends for the second year were compared
to the events that were reported in the first year.

3. Results

A total of thirty-three reports were analyzed, including 28
near misses and 5 actual incidents. During this period, a total
of 1262 patients were treated. The summary of reported near
misses and incidents are given in Table 1.The average incident
rate per 100 patients treated was 0.4; this rate fell to 0.28% in
the second year from 0.56% in the first year. The rate of near
miss fell to 1.24% from 2.22%.

Table 2 gives the incident category of reported error
type. The rates of all types of incidents/near miss decreased
except the suboptimal plan quality type. Among them, the
wrong patient incident occurred due to the wrong patient
plan calling out with the same last name of two patients,
which was found when the other patient was treated in the
same afternoon. Of the 7 wrong site near misses/incidents,
2 occurred due to the field shape unchanged to conform
to the target projection after adding wedge and adjusting
the collimator angle, not noticed by the planner, found and
corrected during the plan physics review. Three incorrect
shifts from computed tomography (CT) reference marks
were reported, due to the wrong/missing setting the fiducial
reference point when planning, which were caught during
physics check and CT repositioning before treatment. One
geographic miss resulted from forgetting shifting the treat-
ment isocenter after modifying plan with the prescription
dose delivered to the wrong volume. One electronic transfer
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Table 2: Summary of reported incidents (in parentheses) and near
misses category.

Category First year Second year Total
Wrong patient (1) 0 1
Wrong site 4 (2) 0 (1) 7
Wrong laterality 4 2 6
Wrong dose 4 1 5
Wrong prescription 5 2 7
Suboptimal plan quality 2 4 (1) 7
Total 19 (3) 9 (2) 33

error of treatment parameters from the treatment planning
system was reported.

Of the 6 wrong laterality near misses/incidents, 4
occurred due to the contouring and planning at the wrong
(healthy) side of the body, 2 due to wrong patient position
selected in the CT scan protocol (head first supine, instead of
foot first supine), which were found during the image guided
verification before treatment.

Of the 7 dose prescription near misses/incidents, 2 near
misses occurred due to the erroneous planning instruc-
tions in the prescription, 1 inconsistent prescription in
terms of total dose, dose per fraction, and fractions (PTV
50.40Gy/1.8 Gy/25 f). The other 4 occurred due to planner
not following the physician’s prescriptions, including signif-
icant error of prescription of 60.00Gy/2.0Gy/30 f, plan with
60.00Gy/0.3 Gy/200 f.

Of the 5 wrong dose near misses/incidents, 1 dose calcu-
lation error occurred due to the misunderstanding of source
axis distance (SAD) factor for manual dose calculation by
the junior physicist, which was found and corrected during
physics review.The second near miss was an error in absolute
dose calibration of electron beam during commissioning
of Trilogy which would result in approximately 60 patients
treated with a dose 5% below that prescribed per year if not
found. This near miss was caused by wrong understanding
of the calibration protocol, found, and corrected in physics
review. As the cause was a single error, this incident was
categorized as one incident despite the impact on a large
number of patients if not detected. The other reasons of
wrong dose error included insufficient scan field of view, not
enough air flash in planning.

The reasons of the 7 reported suboptimal plan quality
near misses/incidents included incomplete contouring of
organs at risk, not optimal in selection of beam energy,
margin setup, intermediate, and low dose distribution.

The incident breakdownby origin is shown inTable 3.The
proportion of incidents is highest at the planning stage. One
near miss and two incidents occurred in the safety barrier of
the radiotherapy process, including one incident in verifica-
tion of patient ID before treatment delivery, one incident in
image-guided verification (we used CT simulator for couch
shift and isocenter determination in our department.) after
plan modification, and one near miss in commissioning for
electron dose calibration.

Table 3: Summary of the origin of reported incidents (in parenthe-
ses) and near misses.

Category First year Second year Total
Imaging for planning
(simulation) 5 0 5

treatment planning 13 (1) 9 (2) 25
Plan transfer (1) 0 (1)
Commissioning 1 0 1
Treatment delivery (1) 0 (1)
Total 19 (3) 9 (2) 28 (5)

Table 4: Dosimetric severity distribution of reported incidents (in
parentheses) and near misses.

Category First year Second year Total
1/2 5 (3) 5 (2) 10 (5)
3/4 2 1 3
5/6 3 3 6
7/8 3 0 3
9/10 6 0 6
Total 19 (3) 9 (2) 28 (5)

Table 5: Medical severity distribution of reported incidents (in
parentheses) and near misses.

Category First year Second year Total
0 (1) 0 (1)
1 7 (2) 6 (2) 13 (4)
2 1 0 1
8/9 9 3 12
10 2 0 2
Total 19 (3) 9 (2) 28 (5)

Of the 33 incidents and nearmisses reported, 5 originated
in imaging for planning, including error/miss marking ref-
erence point on patient in software for three patients, error
in input patient position (head first instead of foot first) in
CT scanner during CT image acquisition for two patients.
Of the 25 incidents/near misses originated in treatment
planning, seven originated in the preliminary prescription
parameters, including 3 wrong prescriptions from oncologist
and 4 due to planners not following physician’s prescription
in terms of fractions, dose per fraction, and total dose. 11 near
misses/incidents originated in dose distribution optimization
leading to suboptimal plan. The other near misses/incidents
included 4 due to targets contoured and planned on the
wrong side (healthy side), 1 organ at risk (spinal cord)
incompletely contoured leading to overdose if delivered, 1
treatment plan parameter transfer error due to the network
issue, and 1 manual dose calculation error for a patient
simulated with conventional X-ray simulator, due to the
wrong understanding of SAD factor.

The dosimetric and medical severity distribution of
reported near misses and incidents are given in Tables 4 and
5. Five reported incidents were all classified as grade 1/2 of
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Table 6: Summary of causes/contributory factors for reported incidents (in parentheses) and near misses.

Category First year Second year Total
1biv policy not followed 7 (5) 3 10 (5)
1cii Appropriate skills not acquired from vendor provided training 2 (1) 1 3 (1)
1ciii inadequate periodic assessment of staff competencies 3 1 4
1civ lack of continuing education 3 1 4
1div Communication 2 1 3
2bii equipment design and construction issues 1 0 1
2biv networking problems (1) 0 (1)
3f, Negligence 12 (3) 4 16 (3)
6aiii failure to detect a developing problem 1 0 1
6div failure to develop an effective plan 1 4 5
6eii failure to execute the planned action (1) 0 (1)
7 Other 0 2 2
Total 32 (11) 17 49 (11)
Comments: The data indicate the number of causes/contributory factors, not the number of near misses/incidents.

dosimetric severity, 1 as grade 0, and the other 4 as grade 1 of
medical severity.

The summary of the root causes and contributory factors
to the near misses/incidents are given in Table 6. Among
them, negligence, policy not followed, training and failure to
develop an effective plan, and communication contributed to
19, 15, 12, 5, and 3 near misses/incidents, respectively.

4. Discussion

Our results demonstrated that incident learning can be
used for the safety and quality management of radiotherapy,
even for a department with new established program with
advanced technology, new equipment fromdifferent vendors,
no much safety, and quality management experience. Imple-
mentation of an effective incident learning system may serve
to reduce the occurrence of actual incidents and enhance the
culture of safety at the individual health care professional
level and at the multidisciplinary team level by addressing
quality improvement initiatives collaboratively with trans-
parent accountability. Incident learning also improved event
communication and identification of clinical areas which
needed process and safety improvements and encouraged
the reporting of potential incidents as a proactive means of
enhancing safety and quality in a radiation treatment pro-
gram.The reported data were also useful for the evaluation of
corrective measures and recognition of ineffective measures
and efforts.

Implementing Incident learning in radiotherapy is a
systematic and complicated project. A rigorous system of
learning, feedback, and action are required for this approach
to have ameaningful impact on patient care.The correspond-
ing departmental infrastructure and facilities, organization,
and culture are needed. The related academic society, orga-
nization, and state health administrative department should
encourage and protect the reporting and learning of near
misses/incidents by advocacy, regulation, and legislature.

Step by step improvements are needed for incident learning
fully implemented in radiotherapy.

AAPM recommended database structure provided a very
good reference for establishing individualized database for
individual institution. A reporting system easy to use, file,
report, respond, and analyse could be established based
on that considering of the context of individual depart-
ment. The individual events could be quickly and easily
reported without disrupting clinical work. The specially
designed incident reporting systems in a radiotherapy setting
can provide valuable data for process and patient safety
improvement.There are some differences in the work process
map and quality control program for different institutions,
such as using CT simulator for couch shift and isocenter
determination before treatment in our department, in which
7 near misses were found and corrected. There is no this
process in theAAPMrecommended database structure. Only
one near miss and two incidents occurred in the safety
barrier of the radiotherapy process of the 33 reported near
misses/incidents. Erroneous prescription instructions and
failure to follow the physician’s prescriptions lead to 7 dose
prescription near misses/incidents, but no safety barriers
were set from prescription and planning to plan review
whether for physician, planner, or physicist. Only physics
review was set as safety barrier in the AAPM recommended
structure. So, the setting of safety barrier should be catered
to the individual context of the department. Safety barriers
should be added before plan review to reduce errors and delay
and improve efficiency. Cox et al. [14] found modification
of 36% contouring or prescription in the round after several
treatment fractions. So, they suggest that the contouring and
prescription review should be completed before planning.
Although Ford et al. [15] found that physics review was the
most effective safety barrier before treatment delivery, which
can find approximately 60% errors, image-guided verification
before treatment delivery is another important safety barrier,
which found 7 near misses/incidents in our study.
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In addition, the severity assignment of an actual incident
or near miss is difficult, especially for the near-misses since
one has to estimate the harm that would have reached
the patient several steps down the chain of events. The
dosimetric severity scale could not fully be expressed by
dose; it will be better if evaluated with biological effective
dose. For a near miss reported in our study, in which the
physician’s prescription of 60.00Gy/2.0Gy/30 f was planned
with 60.00Gy/0.3 Gy/200 f, the dose was the same, but it
would result in severe effect if not found.

33 near misses/incidents were reported in two years in
this study. The volume of reports varies with the report
criteria, quality and safety culture, equipment, and techniques
used for different institutions. Mutic et al. have observed
an incident report rate of 1 per 1.6 patients treated (this
includes both incidents that reach the patient and near-miss
incidents that are intercepted before reaching the patient)
[16]. We collected a large number of incidents including near
misses with very limited or zero clinical impact on patients,
such as the plans of suboptimal plan quality, efficiency, beam
energy, beam orientation, susceptibility to setup error, and
organ motion, which were found and corrected prior to
treatment. Such an approach facilitates continuous proactive
improvementwhich can lead to the correction of small and/or
latent system weaknesses before they result in much more
severe events, to improve the safety and quality of care by
supporting the systematic learning from errors [17, 18].

The rate of reported near misses/incidents decreased
significantly in the second year, althoughmore near misses of
suboptimal plan quality were reported due to the enhanced
quality and safety culture in the second year. The high
rate of reported near misses/incidents in the first year may
be attributed to the introduction of new equipment, new
techniques, and new staff. Through the analysis of the
occurrence of near misses/incidents, the cause/contribution
factors, we found the weaknesses in the clinical process and
implemented series of proactive measures to enhance the
safety and quality. At the start of 2013, we introduced a more
comprehensive check list in an attempt to reduce these errors
and the error rate fell dramatically. Morganti et al. report a
reduction in error through the use of independent checks
[19]. Clear communication program et al. also contributed
to the decrease, which included the efforts focusing on com-
munication ambiguities (e.g., technicians not informed of
cancelled treatment, changed plan or special appointment,
or change in number of treatments, doctor unavailable for
assigned appointment, etc.) and unclear physician directive,
and additional policy and procedure changes addressing
verbalization of treatment parameters prior to treatment
delivery, laterality and documentation of change in prescrip-
tion, and planning. Other examples of such interventions
include changes in staffing levels to concentrate effort inmore
vulnerable parts of the process andmodification of the quality
assurance processes to focus on weaknesses in the treatment
preparation process, enhance staff training, competency eval-
uation and supervision, strictly follow clinical protocol, and
standardization of processes.

An important feature of the incident learning system is
that it requires an investigation of sufficient depth to discover

the basic causes of an incident according to a predetermined
categorization and thereby facilitate the determination of
meaningful corrective actions. An added benefit of such
an approach is that it enables the identification of system
problems or basic causes that could precipitate a range of
different incidents. If the basic causes are addressed, it can be
expected that overall system safety is enhanced and not just a
particular weakness associatedwith a particular incident.The
distribution of basic causes demonstrated that negligence and
training contributed the most to the errors. It is understood
for the new established program with new staff.The decrease
of the number of these factors also demonstrated the effect
of enhanced training and continuing education. Following
that was policy not followed which was associated with
a significant proportion of errors. The number of near
misses/incidents assigned a basic cause relating to policy
not followed was 12 and 3 for the first and second year,
respectively. The reducing of these numbers indicated that
the culture of following policies and procedures may be
improving, which was also shown as the rising number
of suboptimal plan quality near misses. There were still a
significant number of near misses occurred due to failure
to develop an effective plan, which showed the challenge
of long term continuing education and personnel capacity
improvement.

Systematic, scientific, efficient, and feasible management
tool and approach is needed for the safety and quality man-
agement of radiotherapy.The aimof the incident learningwas
to capture of potential as well as actual incidents, engender a
culture of safety, and support process improvement in patient
care and safety. Incident learning can be used individually or
combined with Failure Modes and Effects Analysis (FEMA),
PDCA circle, and six sigma. Incident learning permits the
implementation of both proactive and reactive error man-
agement initiatives, leading to quality improvement in all
aspects of the clinic’s operation and this strategy. A clear
understanding of the potential consequences and relation-
ships between different incident types will guide incident
reporting, resource allocation, and risk management efforts.
Additional work is needed to develop methods that can more
effectively utilize reported data for process improvement.

5. Conclusions

Our results show that implementation of an effective incident
learning system may serve to reduce the occurrence of
actual incidents, enhance the culture of safety, and encourage
the reporting of potential incidents as a proactive means
of enhancing safety and quality in a radiation treatment
program. Incident learning can be used for the safety and
quality management of radiotherapy according to our pri-
mary experience.
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Meningiomas are among the most common primary adult brain tumors, which arise either spontaneously or secondary to
environmental factors such as ionizing radiation.The latter are referred to as radiation-induced meningiomas (RIMs) which, while
much less common than their spontaneous counterparts, are challenging from amanagement point of view. Similar to spontaneous
meningiomas, the optimal management of RIMs is complete surgical resection. However, given their high grade, multiplicity,
tendency to invade bone and venous sinuses, and high recurrence rate, this cannot always be accomplished safely. Therefore,
other therapeutic modalities, such as stereotactic radiosurgery, have emerged. In the current review, we provide an overview of the
historical outcomes achieved for RIMs through radiosurgery and microsurgical resection. Furthermore, we provide a discussion
of clinical and radiological parameters that affect the decision-making process with regard to the management of RIMs. We also
provide an outline of recent changes in our understanding of RIMs, based on molecular and genetic markers, and how these will
change our management perspective. We conclude the review by summarizing some of the current obstacles in the management
of RIMs with SRS and how current and future research can address these challenges.

1. Introduction

Meningiomas are the second most common adult brain
tumour, typically presenting in the 5th-6th decade of life [1].
Meningiomas can arise spontaneously secondary to various
genetic alterations with mutations on chromosome 22 being
the most common [2]. In addition to genetic alterations,
however, environmental factors such as exposure to ionizing
radiation have been implicated in their pathophysiology as
well. In a large study in 1988, Ron and colleagues were the
first to show that patients exposed to ionizing radiation at
a young age for treatment of tinea capitis were at a 9.5-fold
higher risk of developing intracranial meningiomas—thus
called radiation-induced meningiomas (RIMs)—within the
field of radiation [3]. Later in 1999, Shintani et al. were able to

show that survivors of the Hiroshima and Nagasaki atomic
bomb explosions were also at a significantly higher risk of
developing meningiomas [4].

In comparison to spontaneous meningiomas (SMs),
patients with RIMs are typically of a younger age at diagnosis,
tend to present with multiple lesions, and demonstrate a
higher recurrence rate [5, 6]. Histopathological analyses
have suggested that RIMs are also more aggressive than
their spontaneous counterparts [7, 8]. A number of genetic
aberrations have been detected in these lesions, including
chromosomes 1p, 6p, 6q, 7p, and 22q [7–10].Themean latency
from irradiation to tumor appearance is approximately 38
years, ranging from 2 to 63 years [3, 11]. Some authors
have observed a shorter latency period in patients receiving
radiation prior to the age of 5 years [11, 12]. This implies that
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immature nervous tissue is more susceptible to chromosomal
injury following irradiation and that tumorigenesis in RIMs
occurs following a long quiescent phase.

The available evidence suggests that RIMs differ biolog-
ically and clinically from SMs. Likewise the management
of RIMs presents unique challenges and merits special dis-
cussion. In this review, we will provide a brief overview
of outcomes currently achieved through various modalities
utilized in the management of RIMs with a focus on the role
of radiation therapy (RT) and predominantly in the form
of stereotactic radiosurgery (SRS) and how these compare
with SRS outcomes in SMs and microsurgical outcomes with
RIMs. Subsequently, we will provide a discussion on clinical
and radiological factors that must be considered as part of
the decision-making process in the management of RIMs.
Further, we will describe some of the molecular and genetic
discoveries that have transformed our understanding of these
lesions. We conclude by exploring some of the challenges
associated with the use of SRS in the management of RIMs
and how current and future research may address some of
these questions.

2. Current Therapeutic Modalities for RIMs

Similar to SMs, the first approach in themanagement of RIMs
has typically been complete surgical resection, including
resection of the associated dura and bone (Simpson Grade I)
[13]. However, the aggressive growth nature of RIMs and their
multiplicity often hinders a gross surgical resection, neces-
sitating other treatment modalities. Paradoxically, radiation-
based modalities such as SRS can be used. Recent studies
have shown that adjuvant or primary SRS is indeed a safe and
efficacious modality in the management of RIMs (Table 1)
[6, 14, 15]. Jensen and colleagues, assessing 16 patients with 20
radiation-induced tumors (19 of them meningiomas) treated
with SRS as the primary modality, were able to demonstrate
a 5-year local control and overall survival (OS) rate of 100%
and 80%, respectively.Themedian follow-up in this studywas
40.2 months and the median marginal dose was 16 Gy (range
12–20 Gy) [14]. In a study of 19 patients with 24 total RIMs,
Kondziolka and colleagues showed a 75% tumor control rate
and a combined morbidity rate of 5.3% during a median
follow-up of 44 months when SRS was used as primary or
adjuvant therapy. In this cohort, an OS rate of 100%, 94.1%,
and 80.7% was demonstrated at 1, 3, and 5 years, respectively
[6]. The progression-free survival (PFS) rate after SRS was
95.8%, 78.9%, and 66.2% at 1, 3, and 5 years, respectively. A
marginal dose of 13 Gy or greater was found to be a significant
predictor of improved PFS. Similar to SMs, tumor size was
an important predictor of success. In tumors with volume ≤
5mL, only 1 of 14 progressed at 81.4 months, whereas 5 of 10
patients with volumes> 5mLdemonstrated local progression
with a median time to progression of 42.2 months. Tumors ≤
5mL had a PFS rate of 100%, 88.9%, and 88.9% at 1, 3, and 5
years; whereas, those greater than 5mLhad a PFS rate of 90%,
65.6%, and 35% at 1, 3, and 5 years.

The tumor control rate seen with RIMs is roughly similar
to that reported for SMs treated with SRS. Depending on
the grade and location of the lesion, the reported 5-year

tumor control rates of SMs with SRS have ranged from 86
to 99% [16–20]. The results are less favorable for higher
grade lesions with studies demonstrating 2- to 5-year control
rates of less than 50% in Grade II and 0–17% for Grade III
lesions, respectively [20–28]. Therefore, although it has been
suggested that RIMs are typically more aggressive in nature
than SMs, the tumor control rate appears to be in between
that of Grade I and Grade II/III SMs.

The recurrence rate of RIMs managed solely through
surgical resection has ranged from 0 to 43%, depending
on the length of follow-up and whether radiotherapy (RT)
was used concurrently (Table 2) [5, 30–33]. De Tommasi
and associates reported six operated cases of RIMs [31].
Total tumor removal was achieved in all cases. The reported
recurrence rate was 0%. On the other end of the spectrum,
Harrison et al. (1991) reported a recurrence rate of 43%
among seven patients undergoing resection of RIMs [5]. One
explanation for this discrepancy in recurrence rate relates
to the amount of radiation adminsitered. All patients in De
Tommasi and colleagues’ series had received low-dose cranial
irradiation for treatment of tinea capitis. On the other hand,
Harrison and colleagues included patients treated by low-,
moderate-, and high-dose cranial RT for various indications.
Two of the patients who had recurrences had been treated
with high-dose irradiation for brain tumors. Meningiomas
arising from high-dose RT tend to be malignant, whereas
those arising from low-dose RT are usually benign [29, 30].
This obviously has important implications for local tumor
control. Indeed, 3 patients (nearly 50%) treated by Harrison
and group had atypical meningiomas, whereas only one
patient had a high-grade meningioma in De Tommasi et
al.’s cohort. The largest surgical series of RIMs comes from
Sadetzki et al. in Israel [30]. This group examined a cohort
of patients who were treated with ionizing radiation in
childhood for tinea capitis. Among 220 patients with RIMs
treated by resection, the recurrence rate was 18.2%, whichwas
not significantly different from a control group of patients
with SMs (14.6%). A recurrence rate on the order of 20%
appears to be a fair estimate based on a number of different
studies [34, 35].

Although complete surgical resection, to the safest extent
possible, has traditionally been the first line approach for
both RIMs and SMs, the improvement of radiosurgical
instruments has shifted themanagement paradigm to include
both modalities as required. In the following section, we will
review and critically analyze factors that should be considered
in deciding upon one management modality over another or
in combinations, as deemed necessary.

3. Selecting the Optimal Management
Modality

As with other pathological entities in medicine, an accurate
history and physical examination is the cornerstone of the
decision-making process in the management of RIMs as
well. Patients with RIMs are typically divided into those
with histories of low, medium, and high dose radiation
[5]. As discussed briefly above, some suggest that patients
with a prior history of high dose radiation are more likely
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to present with higher grade lesions and have a greater
likelihood of recurrence [3–5, 11, 29, 30, 34, 36–38].Therefore,
following surgical resection, this cohort of patients is more
likely to require adjuvant therapy particularly if a Simpson I
resection has not been obtained. Furthermore, closer clinical
and radiological follow-up is required as well to monitor
for recurrence. In these patients, accurate documentation
of prior treatments and radiation dosing (if radiation has
been used as part of treatment) is particularly essential given
that a previous history of radiation can result in a higher
risk of adverse outcomes in subsequent radiation sessions
[26]. While some authors offer SRS only when maximal RT
through other modalities has been exhausted [36], others do
not use this variable as a deciding factor [6, 39].

The age at presentation is important as well. While
multiplicity is common with RIMs, patients presenting at a
younger age have been found to be at a greater predisposition
[6, 40]. The decision to treat certain lesion(s) over another
and the optimal treatment modality can be challenging. This
decision would depend largely on clinical and radiological
parameters.

Clinically, it is important to correlate the lesion(s) with
symptom presentation and to assess the risk of surgical
intervention. In patients in whom a gross total resection
(GTR) may be a high risk endeavor, it may be prudent to
proceed with a planned subtotal resection (STR) followed by
adjuvant therapy.The overall status of the patient is important
as well. In particular, but not limited to, the status of the
patient scalp is essential: given the history of prior radiation,
the scalp of some patients is thin and prone to necrosis,
dehiscence, and CSF leakage, increasing the overall risk of
complications of surgical intervention [36]. Ultimately, the
patient as a wholemust be considered in order to decide upon
proceeding with surgery and whether additional measures
such as a cranioplasty or skin grafting would be required. In
some of these patients, SRS may be a safer option.

Radiological parameters that can be used to identify the
lesion(s) that are more actively growing include the degree of
T2 hyperintensity within the lesion(s), surrounding edema,
absence of calcification (as seen on CT), or evidence of rapid
enlargement on serial imaging [41, 42]. In addition to larger
lesion size and location, the presence of peritumoral edema
and partial/complete occlusion of venous sinuses has been
associated with a greater likelihood of adverse outcomes
following SRS for SMs as well. Based on these principles
surgical resection, to the safest extent possible,may be a better
option for RIMs with such features [43, 44].

The invasion of major venous sinuses by RIMs and their
multiplicity is a major obstacle to intervention, whether in
the form of surgical resection or SRS. However, advances
in SRS technique that have been applied in the manage-
ment of challenging SMs offer hope. Recently, Deibert and
Kondziolka have reported the case of a patient presenting
with a large recurrent meningioma invading the posterior
two-thirds of the superior sagittal sinus, extending 16 cm in
its greatest length [45]. This patient had previously under-
gone three separate interventions (surgical resection, gamma
knife-based SRS, and intensity-modulated RT). Through a
division of the lesion into three side-by-side dose matrices

and applying a marginal and maximal SRS dose of 12Gy
and 24Gy, respectively, the patient has experienced tumor
regression and has been recurrence-free over a 5-year period.
Reporting on a cohort of 73 patients with multiple SMs
(primary or recurrent, 221 total lesions) managed with
linear accelerator-based SRS, Samblas and colleagues have
demonstrated a 90% tumor control rate over amedian follow-
up of 5.3 years [46]. While these advances are encouraging,
they apply to SMs and represent individual studies only.
Further studies are necessary to confirm and elaborate on
these findings and determine their applicability to RIMs. In
addition, other concerns such as the management of cases
with extensive bony involvement need to be addressed aswell:
RIMs have a high propensity toward calvarial involvement,
which increases the risk associated with surgical resection
and decreases the likelihood of success with SRS/RT [6, 34].

4. Molecular and Genetic Markers

Traditionally, meningiomas have been grouped based on the
most recentWHO classification [47]. However, the discovery
of recent molecular and genetic markers may allow for better
stratification of these lesions and improve our management
strategies. While RIMs have a greater proportion of high
grade lesions compared with SMs, recurrence has been
observed in some WHO Grade I RIMs as well [8, 11, 31,
48]. Several authors have demonstrated that a higher MIB-
1 index is associated with lesion multiplicity and recurrence
in patients with RIMs [8, 11, 49–51]. Interestingly, in a small
study of pediatric patients with RIMs, the MIB-1 index has
been shown to be similar to patients with SMs and the
authors have suggested that other cytogenetic aberrations
are involved [7]. Pistolesi and colleagues, examining the
case of an adult patient with RIM and multiple recurrences
and metastases, demonstrated an increased expression of
p53 and increased telomerase activity [52]. Although benign
meningiomas have an overall lower telomerase activity,
patients with Grade I meningiomas with an increased level
of activity are at a greater risk of tumor recurrence even after
GTR and, therefore, are more likely to require postoperative
adjuvant radiation [53, 54]. Patients with high grade RIMs
or those with multiple recurrences have been shown to
have an increased vascularity and high levels of vascular
endothelial growth factor (VEGF) mRNA expression as well;
the expression of VEGF increases the risk of peritumoral
edema, particularly following SRS [52, 55, 56].These findings
demonstrate that the accurate prediction of the natural
history and response of RIMs to treatment is beyond the
criteria assessed through the traditional WHO classification.
The incorporation of molecular and genetic markers will
undoubtedly help tailor the management algorithm to each
individual patient.

5. Future Directions

Although RIMs are relatively uncommon, they represent a
challenge from a therapeutic perspective. In addition, the
increasing survival of patients with childhood malignancies
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implies that the prevalence of RIMs is likely to increase in the
near future. The fact that there is a long delay in occurrence
of RIMS suggests that there is memory of radiation injury or
long-termmolecular alterations that result in RIM formation.
Therefore, understanding the molecular alterations induced
by radiation therapy is critical in the prevention of RIM
formation. This is a disease model that lends itself ideally
to research, and understanding of its molecular pathophys-
iology can provide insights and a better understanding of
meningiomas in general with ultimate therapeutic targets
being identified.

The role of adjunctive medical therapies is also an area
for further investigation. To date, several agents—such as
hydroxyurea—have been attempted with variable success
rates [36]. Recently, Bevacizumab—a monoclonal antibody
targeting VEGF—has been utilized in the management of
SMs presenting with edema—in isolation or following SRS—
and for the prevention of recurrence with reasonable success
[57, 58]. Lou et al. have utilized Bevacizumab in the man-
agement of 14 patients with recurrent SMs in whommultiple
prior resections and external beam RT had been attempted,
demonstrating a 6-month PFS of 86% [58]. Puchner et al.
have reported the use of Bevacizumab in the case of a patient
with a recurrent anaplastic meningioma—following surgical
resection and RT—demonstrating a durable regression over
a 6-month follow-up period [59]. The long-term success
of Bevacizumab and its applicability to the management of
RIMs remain to be determined.

With an increased understanding of RIMs and an expan-
sion of the available therapeutic armamentarium, clinicians
may be able to gradually push the envelope when it comes to
the multimodal management of RIMs. SRS has been shown
to represent a safe and efficacious option in the management
of RIMs implying that radical surgical resection may be
gradually replaced by a planned STR that is safe, followed by
adjuvant SRS therapy.The detection of markers that predict a
greater likelihood of recurrencewill also help decide upon the
optimal follow-up routine and the need for adjuvant therapy.
The role of therapeutic drug agents targeting aberrant molec-
ular pathways is paramount as well. While many obstacles
remain when it comes to the management of RIMs, great
strides have been made. It is essential to learn from past
experiences while remaining open to the integration of new
treatment strategies and targets.
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Purpose. To develop normal tissue complication probability (NTCP) model with least absolute shrinkage and selection operator
(LASSO) to analyze dose-volume effects that influence the incidence of acute diarrhea among gynecological patients with/without
prior abdominal surgery.Methods and Materials. Ninety-five patients receiving gynecologic radiotherapy (RT) were enrolled. The
endpoint was defined as the grade 2+ acute diarrhea toxicity during treatment. We obtained the range of small-bowel volume in
V4Gy toV40Gy of dose.Results.The number of patients experiencing grade 2+ acute diarrhea toxicity was 23/61 (38%) in the group
without abdominal surgery (group 0) and 17/34 (50%) patients with abdominal surgery (group 1). The most significant predictor
was found for the logistic NTCPmodel withV16Gy as the cutoff dose for group 0 andV40Gy for group 1. Logistic regressionNTCP
model parameters were TV

10
≈ 290 cc for V16Gy and TV

10
≈ 75 cc for V40Gy, respectively. Conclusion. To keep the incidence of

grade 2+ acute small-bowel toxicity below 10%, we suggest that small-bowel volume above the prescription dose (V16Gy) should
be held to <290 cc for patients without abdominal surgery, and the prescription dose (V40Gy) should be maintained <75 cc for
patients with abdominal surgery.

1. Introduction

Radiation therapy (RT) plays an important role in the treat-
ment of abdominal and pelvic disease. However, radiation-
induced acute diarrhea is common side effect which corre-
lates with dose-volume effect of small bowel [1–3]. The acute
diarrhea induced by radiotherapy includes increased stool
frequency, increased degrees of hardness and volume of stool,
severely watery stools, or a mixture of blood, serum, mucus,
and other items. Acute diarrhea not only affects the patient’s
quality of life, but is also serious and requires hospitalization
due to dehydration. Severe acute diarrhea has led to the
failure of complete therapy or reduction in the total dose, all

of which may diminish the effectiveness of therapy [4]. The
relationship of the small-bowel dose and irradiative volume
with acute diarrhea wouldmake progress in RT strategies and
help to direct further efforts to reduce the incidence of this
intractable side effect [5].

Prior abdominal surgery may influence the incidence
of acute diarrhea, as has been reported in previous studies
[5–7]. The relationship between the volume of small bowel
irradiated and the degree of acute small-bowel toxicity expe-
rienced has been well recognized but poorly quantified. In
this work, we introduce the normal tissue complication prob-
ability (NTCP) model to quantify the relationship between
the incidence of acute diarrhea and dose-volume effects of
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small bowel, which potentially identify a more specific dose-
volume relationship.

NTCP modelling in radiation therapy aims to describe
the correlation between dosimetric parameters and the
probability of side effects [8–10]. We can assign the great
information about inhomogeneous dose distributions and
corresponding outcome data in large patient populations into
few-parametric models [11]. This single probability value is
more clearly able to reveal the relationship between dose
volume and acute diarrhea in an individual treatment plan.

The least absolute shrinkage and selection operator
(LASSO) is based on shrinkage estimated andhas beenwidely
used in the statistics field. Xu et al. [12, 13] introduced LASSO
to build NTCPmodels of xerostomia after three-dimensional
conformal radiation therapy (3D-CRT) for head and neck
cancer. The advantages of LASSO include (1) a smaller
mean squared error (MSE) than conventional methods; (2)
handling the multicollinearity problem; (3) overall variable
selection; and (4) coefficients shrink [12, 13]. In addition,
being easy to implement is one of themerits that attract users.
Xu et al. recommended the LASSO method for the NTCP
predictive factor selection [12, 14].

Validated NTCP models of small-bowel toxicity are
needed to provide evidence for dosimetric guidelines in
treatment planning and protocols [15]. Previous studies have
been reported about dose-volume parameters and acute
gastrointestinal toxicity in various pelvic malignancies. How-
ever, NTCP models describing RT-induced acute diarrhea in
gynecologic cancer, particularly taking into account patients
with/without prior abdominal surgery, are lacking.Therefore,
the purpose of this study was to develop a logistic regres-
sion NTCP model with LASSO to make valid predictions
about the incidence of acute diarrhea among gynecological
patients.

2. Materials and Methods

2.1. Patient Characteristics. The study population was com-
posed of 95 patients receiving gynecologic radiotherapy.
Patients were grouped into without (group 0) or with (group
1) prior abdominal surgery. Those patients were initially
evaluated with pathologic assessment, physical examination,
routine laboratory work, abdominal-pelvic CT scan, and
chest X-ray. All patients were treated by a single radiation
oncologist (E.Y.H.). Patients with a history of intestinal
diseases such as inflammatory bowel disease, diverticulitis,
and autoimmune diseases were excluded. The study was
under the proof of the institutional review board of the
hospital (97-1370B). Patient characteristics are summarized in
Table 1.

2.2. Bowel Delineation. To accurately calculate irradiated
small-bowel volume, patients received computed tomogra-
phy simulation in the supine position, with a thermoplas-
tic body cast for immobilization, an emptied bladder and
bowel, and with small-bowel contrast (4% Gastrografin).The
patients were scanned from themid-abdomen to 10 cm below
the ischial tuberosities in 0.5 cm increment slices. Therefore,

Table 1: Characteristics of patients.

Group 0
(𝑛 = 61)

Number (%)

Group 1
(𝑛 = 34)

Number (%)
𝑃 value

Age (y) 0.031
Mean 60.1 54.9
Range 29–90 32–75
<50 16 (26) 9 (26)
51–60 18 (30) 15 (45)
61–70 11 (18) 9 (26)
>70 16 (26) 1 (3)

BMI 0.360
Mean 24.9 25.7
Range 16.6–35.1 20.1–34.5
<20 8 (13) 0 (0)
20–26 27 (44) 20 (59)
>26 26 (43) 14 (41)

Stage 0.007
I-II 52 (85) 19 (56)
III-IV/recurrent 9 (15) 15 (44)

Diabetes 0.763
No 52 (85) 30 (88)
Yes 9 (15) 4 (12)

Hypertension 0.779
No 50 (82) 29 (85)
Yes 11 (18) 5 (15)

Chemoradiotherapy 0.013
No 15 (25) 17 (50)
Yes 46 (75) 17 (50)

External beams doses (Gy) 0.469
WP 19.8, PM/LP 32.4 0 (0) 1 (2.9)
WP 39.6 20 (33) 5 (14.7)
WP 39.6, PM/LP 45 27 (44) 23 (67.6)
WP 39.6, LP 50.4 0 (0) 2 (5.9)
WP 45 4 (7) 1 (2.9)
WP 45, PM/LP 50 4 10 (16) 2 (5.9)

Group 0: patients without prior abdominal surgery; group 1: patients with
prior abdominal surgery; BMI: body mass index; WP: whole pelvis; LP: low
pelvis; PM: parametrium.
Differences between the group 0 and group 1 cohort were described with an
independent sample 𝑡-test for continuous variables and chi-square test for
dichotomous variables.

the volumetric data were transferred to the Pinnacle treat-
ment planning system (Philips, Fitchburg, WI).

The small bowel was contoured from the L4-5 interspace
to its lowest extent in the pelvis. The outermost extent of the
contrast-enhanced small-bowel loops was outlined on each
axial CT slice.The small bowel in the upper abdomenwas not
included. A sample to illustrate the delineation of the bowels
is shown in Figure 1.The dose-volume relationshipwas calcu-
lated in the planning system. The dose was prescribed to the
isodose curve (95% to 100%) that surrounded the treatment
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Figure 1: The delineation of the bowels.

volume at risk.The onset and grade of diarrhea duringwhole-
pelvic irradiation were recorded as small-bowel toxicity up to
39.6Gy in 22 fractions.

2.3. Treatment Technique. The RT treatment technique typi-
cally used opposed posterior to anterior and opposed lateral
field arrangement for the whole pelvis [6] to fulfil the
homogeneity requirement. External whole-pelvic irradiation
was initially administered with photons from a 10 or 15MV
linear accelerator (Varian Medical Systems, Palo Alto, CA)
with a four-field technique. The dose per fraction was 1.8 Gy
in 5 fractions weekly. The planning dose was 39.6–45Gy
in 22–25 fractions. An additional boost (5.4–9Gy in 3–5
fractions) was given to the bilateral parametrial and pelvic
wall through anteroposterior/posteroanterior ports with a
4 cm central shielding in patients with greater than Stage
IIA cervical cancer without hysterectomy. In patients with
hysterectomy, the boost doses (5.4–9Gy in 3–5 fractions) to
lowpelviswere delivered.Thefields anddoses beyond 39.6Gy
are shown in Table 1.

2.4. Brachytherapy. High-dose-rate intracavitary brachyther-
apy through a remote after-loading system (microSelectron;
Nucletron, Veenendaal,TheNetherlands) using 192Ir sources
was given. The prescribed dose of brachytherapy was either
4.5 or 6Gy at Point A and 27Gy in 6 fractions or 24Gy
in 4 fractions. In vaginal intracavitary brachytherapy, we
delivered 8–15Gy in 2–5 fractions.

2.5. Gastrointestinal Toxicity. The severity of acute diarrhea
during treatment was graded using the common toxicity
criteria (CTC) up to 39.6Gy in 22 fractions [16]: grade 0
(none), grade 1 (an increase from 2 to 3 stools per day over
pretreatment), grade 2 (an increase of 4–6 stools per day or
nocturnal stools), grade 3 (increase of >7 stools per day or
incontinence or need for parenteral support for dehydration),

and grade 4 (physiologic consequences requiring intensive
care or hemodynamic collapse).

According to previous studies, which suggested that
gastrointestinal drugs may influence bowel symptoms, we
managed patients with gastrointestinal symptoms by using
a uniform protocol, patients with CTC: grade 1 diarrhea
(mebeverine was prescribed), grade 2 diarrhea (loperamide
was added), grade 3 diarrhea (loperamide was prescribed
three times a day), and grade 4 diarrhea (hospitalization and
radiotherapy were interrupted until diarrhea downgraded to
grade 2 diarrhea or less).

In this study, we investigated theNTCP predictivemodels
for the incidence of acute diarrhea. The severity of diarrhea
was graded into four levels. In our data, therewere no patients
suffering with grade 4 diarrhea, and we classified grade 2 and
greater diarrhea (grade 2+) as clinically significant.

2.6. Dose-Volume Response Modeling. The cutting endpoints
(grade 2+ acute diarrhea toxicities) were analyzed using logis-
tic regression NTCP analysis with an extended bootstrapping
technique, as described by El Naqa et al. [17] and Beetz et
al. [8, 10]. We obtained the range of small-bowel volume
in doses from V4Gy to V40Gy, at 10% intervals with the
checkpoint dose 39.6Gy (≈40Gy).Themost significant dose-
volume predictive factor for the logistic regression model
was determined by using the LASSO with bootstrapping
technique [8, 10].TheLASSOwas first proposed byTibshirani
in 1996; details can be found in [12, 18–20]. It uses the
following equation to shrink the coefficients and select the
predictive factors:

argmin
𝛽

𝑌 − 𝑋𝛽


2 subject to 𝛽
 =

𝑑

∑

𝑗=0


𝛽
𝑗


≤ 𝑡, (1)

where 𝑑 is the number of variables selected and 𝑡 is tuning
parameter that controls the degree of penalty [12, 21]. To
account for the overfitting problem, two datasets were used,
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Figure 2: The LASSO shrinking path diagrams for the dosimetric candidate predictive factors in group 0 (a) and group 1 (b), respectively.
LASSO: least absolute shrinkage and selection operator; group 0: patients without prior abdominal surgery; group 1: patients with prior
abdominal surgery; V4∼V40: the range of small-bowel volume in xGy of dose.

that is, a training set and a test set; a model was built based
on a training set and fitted to the training set itself and
also tested with a test set. We used nested 10-fold cross
validation to obtain the optimum predictive factors [12, 14,
19]. The model with medium AUC performance was selected
as the optimummodel with themost significant dose-volume
predictive factor.

Toxicity and dose-volume predictive data were then fit to
a logistic NTCP function:

NTCP = [1 + (
TV
50

𝑉
)

4𝛾

]

−1

, (2)

where 𝑉 is the volume of small bowel receiving a given dose
level, TV

50
is the tolerance volume corresponding to 50%

incidence of complications, and 𝛾 is the normalized slope of
the volume response curve. The best-fitting values of model
parameters were determined using maximum likelihood
analysis and the 95% confidence intervals were found using
the profile likelihood method.

The system performance and calibration were evaluated
by the AUC, Brier score, 𝑅2, Omnibus test, and Hosmer-
Lemeshow test [8, 9]. Statistical analyses were performed
using SPSS 19.0 (SPSS, Chicago, IL).

3. Results

Ninety-five patients were included in the analysis. We classi-
fied patients into two groups. Patients without prior abdom-
inal surgery were named group 0 (𝑛 = 61). They all had
cervical cancer. Those who had undergone prior abdominal

surgery were named group 1 (𝑛 = 34). Their diseases
included cervical cancer, endometrial cancer, and uterine/
adnexa sarcoma. During radiotherapy, seven patients (11%),
thirty-one (51%), seventeen (28%), and six (10%) patients
in group 0 had grades 0, 1, 2, and 3 diarrhea, respectively.
Eight patients (23.5%), nine (26.5%), nine (26.5%), and
eight (23.5%) patients in group 1 had grades 0, 1, 2, and
3 diarrhea, respectively. No patients suffered from grade
4 diarrhea. The number of patients experiencing grade 2+
acute diarrhea toxicity was 23/61 (38%) in the group without
abdominal surgery and 17/34 (50%) in those with abdominal
surgery.

The most significant dose-volume predictive factor for
the logistic regression NTCP model was determined by
using the LASSO with bootstrapping technique (the LASSO
shrinking path diagrams are shown in Figure 2).We used 300
bootstraps for each analysis. The initial dosimetric candidate
predictive factors were shown in Table 2.Themost significant
predictor was found for the logistic regression NTCP model
with V16Gy as the cutoff dose for group 0 and V40Gy for
group 1, respectively.

The fitted dose-response curves (logistic NTCP model)
for the incidence of grade 2+ acute diarrhea toxicity for the
gynecological patients with/without prior abdominal surgery
are shown in Figure 3. NTCP fitted parameters were TV

50
=

409.4 cc (CI: 391.1–427.7 cc), 𝛾 = 1.92 (CI: 1.36–2.62) and
TV
50
= 99.0 cc (CI: 96.6–101.5 cc), 𝛾 = 2.34 (CI: 1.85–2.83) for

the patients in groups 0 and 1, respectively. AndTV
10
≈ 290 cc

for V16Gy; TV
10
≈ 75 cc for V40Gy, respectively (TV

10

is the tolerance volume corresponding to 10% incidence of
complications).
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Table 2: Dosimetric candidate predictive factors initially.

Volumes Group 0 Group 1
Range Median Logistic correlation Range Median Logistic correlation

V4Gy 76–990 460 −0.009 65–772 329 −0.039
V8Gy 65–889 422 0.016 39–700 297 0.043
V12Gy 57–824 385 −0.094 27–665 276 −0.042
V16Gy 51–772 348 0.166 20–634 255 0.050
V20Gy 15–721 230 −0.003 13–603 175 −0.021
V24Gy 6–678 177 −0.001 12–578 135 0.026
V28Gy 4–651 138 −0.033 10–324 111 −0.023
V32Gy 3–611 115 0.055 8–296 102 0.069
V36Gy 1–584 104 0.024 4–274 96 −0.407
V40Gy 0–545 89 −0.063 1–249 77 0.740
V4∼V40Gy: the range of small-bowel volume in 𝑥Gy of dose; group 0: patients without prior abdominal surgery; group 1: patients with prior abdominal
surgery.
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Figure 3: The logistic normal tissue complication probability model with V16Gy as the cutoff dose for group 0 (a) and V40Gy for group 1
(b). TV

50
is the tolerance volume corresponding to 50% incidence of complications, and 𝛾 is the normalized slope of the volume response

curve.

The overall performance and calibration for the NTCP
models were satisfactory and corresponded well with the
expected values (Table 3). The AUC for the optimal model
was 0.90 (range 0.79–0.95) and 0.96 (range 0.91–0.99)
in patients without and with previous abdominal surgery,
respectively. Finally, the calibration slope of ≥0.99 for both
models showed a significant agreement between predicted
risk and observed outcome for both LASSO NTCP models
(Figure 4).

4. Discussions

Many researches have discussed the different dose population
of gastrointestinal tract between preoperative and postop-
erative radiotherapy. Shadad et al. thought that previous

abdominal surgery increases the risk of radiation toxicity
because anatomical changes that increase intestinal exposure
to radiation such as postoperative small intestine prolapse
into the pelvic cavity or surgical adhesions that fix intestinal
segments within the radiation field can all predispose part
of the intestine to receive higher doses of radiation [22].
Robertson et al. [5] noted that the incidence of grade 3
diarrhea is higher in rectal cancer patients with abdominal
surgery than in those without abdominal surgery, with rates
of 28% and 18%, respectively. Recently, they reported a similar
result; this group found that the incidences of diarrhea in
patients with and without prior abdominal surgery were
29% and 14%, respectively [23]. The corresponding rates
were 23% and 10% in the present study, showing a lower
incidence of grade 3 diarrhea. The reason for this may be
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Table 3: System performance evaluation.

Group Cutoff dose AUC (range) Accuracy (range) 𝑅
2 Brier Slope of calibration

curve HL

0 V16Gy 0.90 (0.79–0.95) 0.81 (0.70–0.87) 0.98 0.10 0.99 0.14
1 V40Gy 0.96 (0.91–0.99) 0.90 (0.83–0.93) 0.99 0.07 0.99 0.88
AUC: area under the receiver operating characteristic curve; HL: Hosmer-Lemeshow test.
Group 0: patients without prior abdominal surgery; group 1: patients with prior abdominal surgery.
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Figure 4: Calibration of a predictive model for patients in group 0 (a) and for patients in group 1 (b), respectively.

related to different cancers. No rectal disease was noted in our
patients. However, rectal function impairments were noted
in patients with rectal mass (preoperative) or rectal resection
(postoperative) [23]. Therefore, using CTC grading, patients
with rectal cancer may have more severe diarrhea than our
gynecological patients. Furthermore, we noted no larger V4–
V40Gy in group 1 than group 0 patients (Table 2). However,
more patients developed grade 2-3 diarrhea. Therefore, we
confirmed the importance of abdominal surgery on acute
diarrhea.

Although patients in group 0 had larger small-bowel
volumes irradiated than patients in group 1. (Table 2), the
diarrhea rate was higher in group 1 patients. This points
out the importance of abdominal surgery on dosimetry and
toxicity of the small bowel.

Group 0 patients had an older age than those in group 1
(Table 1). Based on our prior study [24], small-bowel volumes
are larger than in elder patients. We do not know the cause of
this phenomenon. In patients with an intact uterus, atrophic
uterine may mimic hysterectomy and also increases the
volume of small bowel irradiated. Therefore, the old age
effect may explain why group 0 patients had larger small-
bowel volume than group 1 patients. Because elder patients
account for the majority of patients undergoing definitive

radiotherapy, their small-bowel volumemay enlarge and dose
constraints (V40Gy < 75 cc or V16Gy < 290 cc) are very
important for using IMRT.

Themost significant dose-volumepredictive factor for the
logistic regression NTCP model can be determined by using
statistical analysis. Many researchers used the log likelihood
(LL), average likelihood, stepwise selection, Bayesian infor-
mation criterion (BIC), and Akaike information criterion
(AIC) to deal with this topic [8]. Xu et al. [12] showed that
their NTCP models for xerostomia developed with LASSO
have considerably better prediction performance than the
commonly used stepwise selection method. Early NTCP
models, like the LKB [25] and the univariate logistic regres-
sion model [26, 27], are based on information derived from
dose-volume histograms generated from dose distributions
in the target volumes and the surrounding organs that are at
risk. If the models developed using V4–V40Gy individually
did not take into account abdominal surgery; the AUC
values for the model were below 0.65. We considered the
importance of abdominal surgery on acute diarrhea and
quantified the relationship between the incidence of acute
diarrhea and dose-volume effects of the small bowel. The
most significant dose-volume predictive factor for the logistic
regression NTCP model was determined by the LASSO with
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V16Gy as the cutoff dose for group 0 and V40Gy for group 1,
respectively. The system performance AUC values improved
from0.65 to 0.90 for group 0 and from0.58 to 0.96 for group 1,
respectively.We suggest that this is useful for clinical practice
in consideration of time and cost efficiency; overall variable
selection and coefficients shrink were performed in one step
while handling the multicollinearity problem [12, 19, 28].

Many studies have discussed the dose-volume effects.
Baglan et al. reported on 40 patients with rectal cancer
treated with the four-field technique. Eight patients (20%)
did not receive abdominal surgery before radiotherapy. The
small-bowel volume receiving at least 15 Gy (V15Gy) was the
best predictor [4]. Tho et al. noted that small-bowel volume
correlated strongly with severity of diarrhea at 15Gy (V15Gy)
< 100 cc in 41 patients undergoing preoperative chemoradio-
therapy for rectal cancer [7]. Several other studies have
reported dose-volume relationships for the bowel in patients
treated for rectal cancer with four-field techniques [1, 5].They
all found a high correlation of 15Gy (V15Gy) as a predictor
of small-bowel toxicity. The quantitative analysis of normal
tissue effects in the clinic (QUANTEC) review summarizes
the available 3D-CRT data to update and refine the normal
tissue dose/volume tolerance guidelines for small bowel
which is “the absolute volume of small bowel receiving≥15Gy
should be held to <120 cc when possible to minimize severe
acute toxicity<10%, if delineating the contours of bowel loops
themselves” [29, 30]. In this study, we found that to keep the
incidence of grade 2+ acute small-bowel toxicity below 10%,
the small-bowel volume above the prescription dose V16Gy
should be maintained at <290 cc for patients without prior
abdominal surgery; and the prescription dose V40Gy should
be held at <75 cc for patients with prior abdominal surgery.
The difference in volume constraints (<120 cc versus <290 cc)
on 15-16Gy level may be dependent on grade of diarrhea
(grade 3+ versus grade 2+) and rectal cancer (yes versus
no), respectively. In addition to small bowel, the rectum is
the other organ at risk for acute diarrhea. In rectal cancer
patients, diarrhea is sensitive to small volumes (V15Gy) of
the small bowel because of rectal function impairment.

To our knowledge, recently, there has been no standard
dose-volume constraint for the volume or percentage of irra-
diated small bowel in gynecological patients. Therefore, the
aim of the present study was to develop specific NTCP values.
Huang et al. [6] showed that gynecologic patients without
and with abdominal surgery have different volume effects on
small-bowel toxicity during whole-pelvic irradiation. Low-
dose volumes can be used as a predictive index of grade
2+ diarrhea in patients without abdominal surgery. The full-
dose volume is more important than low-dose volume for
grade 2+ diarrhea in patients with abdominal surgery. In this
study, we confirmed that and determined themost significant
dose-volume predictive factor by using the LASSOwith boot-
strapping technique. Our finding showed themost significant
predictor for the logistic NTCP model with V16Gy as the
cutoff dose for patients without prior abdominal surgery
and V40Gy for patients with prior abdominal surgery.
Logistic regression NTCP model parameters were found:
approximately TV

50
= 400 cc for V16Gy and TV

50
= 100 cc

for V40Gy, respectively.

The fact that chemotherapy, a nondosimetric patient
factor, may affect the risk of acute diarrhea toxicity is an
issue of special concern. In this study, during radiother-
apy with concurrent chemotherapy, the number of patients
experiencing grade 2+ acute diarrhea toxicity was 18/46
(39%) in the group without abdominal surgery (group 0)
and 11/17 (65%) in those with abdominal surgery (group
1). The incidences of toxicity differences between these two
cohorts were presented (𝑃 = 0.013). Chitapanarux et al.
found that grade 1-2 acute and late diarrhea were observed
in 20 and 40% caused by chemotherapy, respectively, in
their thirty metastatic or recurrent cervical cancer patients
[31]. Moore et al. studied patients receiving pelvic RT and
showed that seven were treated with weekly cisplatin at doses
of 30 and 40mg/m2, with one dose-limiting toxicity, that
is, febrile neutropenia with grade 3 diarrhea [32]. Rose et
al. reported that eleven patients received sixty-three doses
of the topotecan/cisplatin combination therapy, nine with
grade 2 diarrhea toxicity during pelvic radiation therapy in
patients with locally advanced cervical cancer [33]. These
reports show that the use of chemotherapy was typically
correlated with acute diarrhea toxicity risk. In addition, no
significant difference for the small-bowel volume irradiated
was observed in the patient groups with/without concurrent
chemotherapy, 𝑃 > 0.52 for group 0 and 𝑃 > 0.28
for group 1, respectively. Further studies may be necessary
to evaluate what regimen for chemotherapy against acute
diarrhea toxicity is better during RT.

There are a number of potential limitations of this study.
van der Schaaf et al. [13] reported that approximately 200
patients are needed to obtain a model with high predictive
power. In this study, the number of patients assessed for grade
2+ acute diarrhea toxicities was under the recommended
200 patients. Therefore, a larger study sample is required
to demonstrate the independent association of these NTCP
models with the risk of grade 2+ acute diarrhea toxicity.
Moreover, treatment methods may differ among nations and
institutions. Differences in radiation modality may create
different kinds and different levels of acute diarrhea toxicity.
The risk of small-bowel acute diarrhea may be influenced by
the techniques used for treatment or factors other than dose,
such as the baseline patient risk factors, the coirradiation of
other organs, or the fact that bowelmotionmay be needed for
further investigation.

5. Conclusions

The LASSO NTCP model can be used to predict the risk of
grade 2+ acute diarrhea toxicity. This result illustrates that
gynecologic patientswith orwithout prior abdominal surgery
have different volume effects on small-bowel toxicity. We
suggest a dose-volume constraint for the volume of bowel that
can be irradiated.
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Purpose. Limited-tomotherapy and hybrid-IMRT treatment techniques were compared for reductions in ipsilateral and
contralateral lung, heart, and contralateral breast radiation doses. Methods and Materials. Thirty consecutively treated left-sided
early-stage breast cancer patients were scheduled for lTomo and hIMRT. For the hIMRT plan conventional tangential-field and
four-field IMRT plans were combined with different weightings in the prescribed dose. For the lTomo plan a geometrically limited
arc was designed for the beamlet entrance. A𝐷

𝑝
of 50.4Gy in 28 fractions was used for the PTV. The dose coverage, homogeneity

index, conformity index of the target, and the dose volumes of critical structures were compared.Results.Bothmodalities presented
similar target coverage. The homogeneity and conformity were improved for lTomo with 𝑃 < 0.001 and 𝑃 = 0.006, respectively.
In the lTomo plan a concave dose distribution was generated with significant dose reductions in both high and low dose regions
for ipsilateral lung and heart (𝑃 < 0.001). Conclusions. lTomo plan can have similar dose coverage and better homogeneity and
conformity to the target. By properly designing the directionally and completely blocked structure, lTomo plan was developed
successfully in reducing doses to the healthy tissues for early-stage left-sided breast cancer radiotherapy.

1. Introduction

Radiotherapy is an integral treatment after breast conserving
surgery for patients with early-stage breast cancer. Radiother-
apy can reduce the rates of recurrence and death from breast
cancer [1]. Treatment planning typically involves delivering
an adequate dose to the intact breast while minimizing doses
to the critical lung, heart, and contralateral breast organs
using the conventional tangential field technique. However,
when treating left-sided early-stage breast cancer the concave
shape of the target results in a high dose of irradiation to
parts of the ipsilateral lung and heart with tangential fields.
Additionally the high dose region is located at the anterior
heart, including the left anterior descending (LAD) coronary
artery, causing increases in perfusion defects after radiation

treatment [2, 3]. Long-tern follow-up of these patients has
revealed that radiation therapy can also increase the risk for
ischemic heart disease [1, 4–7]. A recent study showed that
the risk formajor coronary events (i.e.,myocardial infraction,
coronary revascularization, or death from ischemic heart
disease) increased linearly with the mean dose to the heart,
with no apparent threshold [6]. Doses to the heart from
radiotherapy for left-sided breast cancer vary widely. The
greatest source of variability occurs in doses from the distance
of the heart to the thoracic wall, with the mean dose about
0.9–15Gy [4, 8, 9]. In patients with unfavorable cardiac
anatomy, where the heart is close to the thoracic wall, the
cardiac doses increase significantly [10, 11].

The critical organs for left-sided breast cancer include
the heart and also the lung and contralateral breast. Reports
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have shown that the long-term risk for developing a sec-
ond primary breast cancer in the contralateral breast after
radiotherapy for the first breast cancer is elevated for women
<40 years, inversely related to age at exposure, and dose
dependent [12]. The dose response function of lung injury is
often gradual and without a clear and consistent “threshold”
[13]. Clinically significant symptomatic radiation pneumoni-
tis occurs in approximately 1–5% of patients irradiated for
breast cancers [14].

Treatment techniques with beam arrangement based on
the tangent angles can have a limited dose to the ipsi-
lateral lung and the contralateral breast but are difficult
to generate a concave dose distribution conforming to the
breast target. Advanced techniques like intensity-modulated
radiation therapy (IMRT), tomotherapy, and volumetric
intensity-modulated arc radiation therapy (VMAT) offer the
ability to provide a more sophisticated process through the
inverse planning procedure, generating a more conformal
dose distribution to the breast target, sparing the high dose
region to the anterior heart, and improving dose homogeneity
[11, 15–18]. Practically, radiation doses delivered from mul-
tiple angles, usually with a low dose, spread widely to a
large volume. This is an adverse characteristic for left-sided
breast cancer treatment. However, by properly designing the
treatment plan with the increasing availability of advanced
treatment techniques, plans possessing a concave dose dis-
tribution with limited doses to the critical heart, lung, and
contralateral breast organs should be achievable.The purpose
of this study is to develop an optimal treatment plan for early-
stage left-sided breast cancer. Hybrid-IMRT (hIMRT) and
limited-tomotherapy (lTomo) techniques were designed and
compared dosimetrically.

2. Materials and Methods

Thirty consecutively treated left-sided early-stage breast can-
cer patients were selected.Themaximumheart depth (MHD)
[11], the maximum lung depth (MLD) (Figure 1), and the
maximum target concave angle (ΔMTCA) (Figure 2) were
used to express the anatomical conditions of the critical
structures and target. Planning CT images were acquired
at 3.0mm slice thicknesses for all patients in the supine
position and immobilized on aVac-Lok bag (CIVCOMedical
Instruments, CO, INC., Kalona, IA) with both arms raised
above the head. The image set was then transferred to the
treatment planning system (Pinnacle3 Version7.6C) for target
and organ segmentation. A prescribed dose (𝐷

𝑝
) of 50.4Gy

in 28 fractions to the planning target volume (PTV)was used.

2.1. Target and Critical Structure Segmentation. The clinical
target volume (CTV) included the whole left-sided breast. No
lymph nodes were included. To account for setup uncertainty
and respiratory motion, a margin of 8mm isotropically was
added to the CTV to form the PTV.The part of the PTV that
extends into the surrounding air has been called the “flash
region” [19, 20]. For adequate “flash region” coverage, a virtual
bolus of 10mm in thickness was used to cover the “flash
region.” To avoid dose calculations in a high uncertainty

MLD

MHD

Figure 1: Maximum heart and lung depth measured in the beam’s-
eye-view of a conventional tangential-field.

P

PTV

Virtual bolusM

L

Constraint-lung
Complete-block

Directional-block

ΔMTCA

L

M

Figure 2: Single CT slice ofmaximumconcave target shape showing
the ΔMTCA; PTV; 10mm thickness of virtual bolus; the reference
point 𝑃; lines of 𝑃𝑀, 𝑃𝐿, 𝑃𝑀, and 𝑃𝐿; virtual structures of
constraint-lung; complete-block; and directional-block.

region a PTV-m consisting of the PTV excluding the “flash
region”was used for dosimetric evaluation. To account for the
tomotherapy treatment planning system implementing a plan
without a fluencemap, the planwas reoptimized if any change
in planning structures was necessary. PTV covered by the
virtual bolus was used for optimization and dose calculation
for the hIMRT and lTomo plans (Figure 2) [21].

The contralateral breast, ipsilateral and contralateral lung,
and heart were contoured for the organs at risk. The MHD,
MLD, and ΔMTCA were measured for each patient. The
reference point 𝑃 in Figure 2 was assigned as the apex of the
concave shape of the PTV on the section with a maximum
curvature. A virtual structure (constraint-lung) for dose
constraint was contoured for each patient to increase the
dose conformity of the PTV and to decrease the dose to the
ipsilateral lung and heart (Figure 2).
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Figure 3: Beam arrangements of the conventional tangential-field plan (a) and the four-field IMRT plan (b). Beam angles of IMRT-1 and
IMRT-2 in the 4-F IMRT plan were the same as beam angles of cTF-1 and cTF-2 in the cTF plan, while the others (IMRT-3 and IMRT-4)
were 10–15∘ anterior to the tangential fields.

All plans in this study were optimized with at least
95% of the PTV-m encompassed by the 𝐷

𝑝
. The maximum

dose was less than 110% of the 𝐷
𝑝
, and the following dose-

volume values were used to set the constraints to reduce
the individual critical organ dose according to the anatomy
condition of each patient: 𝑉

5
, 𝑉
10
, and 𝑉

20
to the ipsilateral

lung; 𝑉
3
, 𝑉
5
, and 𝑉

10
to the contralateral lung; 𝑉

10
, 𝑉
25
, 𝑉
35
,

and 𝑉
45
to the heart, and 𝑉

5
, 𝑉
10
to the contralateral breast.

2.2. Hybrid-IMRT Planning Technique. The hIMRT plans
were generated using Pinnacle3 version 7.6C treatment
planning system. The hIMRT consisted of a conventional
tangential-field plan (cTF) and a four-field IMRT plan (4-
F IMRT) using 6MV energy. The two plans were hybrid
using different 𝐷

𝑝
weightings of 80% and 20%, respectively.

Two of the beam angles in the 4-F IMRT plan were the
same as the cTF plan while the others were 10–15∘ anterior
to the tangential fields (Figure 3). While processing the 4-F
IMRT plan optimization the cTF plan dose distribution was
hybrid into the procedure with the optimization type setting
as “None.” The contribution of the low weighting 4-F IMRT
plan was to increase the dose homogeneity of the hIMRT
plan.Themaximumnumber of segmentswas set to 20 and the
minimum segment MUs was set to 4 to effectively perform
the 4-F IMRT plan.

2.3. Limited-Tomotherapy Planning Technique. DICOM
images of each patient with complete target and organ segme-
ntation information were transferred into the tomotherapy
Hi-ART planning system (v. 3.2.2.35. TomoTherapy Inc.,
Madison, WI). The field width, pitch, and modulation
factor parameters were assigned to 2.5 cm, 0.287, and 2.8,
respectively. Directional blocking was applied to a virtual
structure (directional-block), thus closing the beamlets if
the blocked structure was proximal to the target to limit the
beamlet entrance direction.The ends of the directional-block
were at the intersections of the body contour and the 𝑃𝑀
and 𝑃𝐿 lines. The 𝑃𝑀 and 𝑃𝐿 lines were approximately
5∘–10∘ posteriorly added from 𝑃𝑀 and 𝑃𝐿 lines, respectively
(Figure 2). The judgment of additional angles was a trade-
off between critical organ injury and target coverage. To

prevent beamlets from entering through the heart and
the posterior part of the ipsilateral lung another virtual
structure (complete-block) was designed as a rectangular
structure with the ends connected to the directional-block
to disable beamlets from entering or exiting through this
structure (Figure 2). The directional-block and complete-
block application dictated that the beamlets could only
enter within limited angles from the median and the lateral
sides. Critical structures and constraint-lung volume dose
constraints were set in the optimization procedure. When
optimizing the dose to the constraint-lung was reduced by
setting a higher level of dose constraints as a more effective
method to reduce the doses to the ipsilateral lung and heart
and increase the PTV dose conformity.

2.4. Plan Evaluation Parameters. Plans were evaluated based
on the homogeneity and conformity for the PTV and the
volumes of normal structures irradiated. The PTV homo-
geneity index (HI) was defined as the difference between
the percentage of PTV-m receiving 95% and 107% of the 𝐷

𝑝

(HI = PTV-m
95% − PTV-m107%). The conformity index (CI)

was defined as the fraction of PTV-m that was encompassed
by the 95% 𝐷

𝑝
multiplied by the fraction of the 95% 𝐷

𝑝

volume that was covered by the PTV-m of the 95% 𝐷
𝑝
(CI

= PTV-m
95%/PTV-m × PTV-m95%/𝑉95%). Additionally, the

mean and maximum doses of PTV-m (𝐷mean-PTV, 𝐷max-PVT)
were used as an index of target dose homogeneity.

Normal structure dosimetric evaluation parameters, such
as the mean dose, 𝑉

5
, 𝑉
10
, and 𝑉

20
for lung; mean dose, 𝑉

10
,

𝑉
25
,𝑉
35
, and𝑉

45
for heart; mean dose,𝑉

5
,𝑉
10
for right breast,

were used for the plan comparisons. Treatment plans were
compared using the paired 𝑡-test. 𝑃 values of ≤0.05 were
considered significant.

3. Results

The anatomy conditions of critical structures and targets are
shown in Table 1. The mean values and standard deviations
(SD) for the MHD, MLD, and ΔMTCA were 1.9 ± 1.0, 2.5 ±
0.6 cm, and 201.5 ± 11.6 degree, respectively. More than 80%
of the patients in this study have theMHD larger than 1.0 cm.
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Figure 4: Dose distributions on axial images of heart and lung slices for hIMRT (a, c) and lTomo (b, d) plans from study case number 2.

Table 1: Characteristics of the anatomy conditions of critical
structures and targets in this study.

ΔMTCA Number of cases (%) Mean ± SD
180∘–190∘ 4 13.3%

201.5∘± 11.6∘190∘–200∘ 7 23.3%
200∘–210∘ 10 33.3%
>210∘ 9 30.0%
MLD (cm) Number of cases (%) Mean ± SD
1.0–1.5 2 6.7%

2.5 ± 0.6
1.5–2.0 4 13.3%
2.0–2.5 5 16.7%
2.5–3.0 14 46.7%
>3.0 5 16.7%
MHD (cm) Number of cases (%) Mean ± SD
0.0–1.0 5 16.7%

1.9 ± 1.0
1.0–1.5 8 26.7%
1.5–2.0 2 6.7%
2.0–2.5 7 23.3%
>2.5 8 26.7%

The PTV dose coverage parameters and the critical
organ dose volume results are displayed in Table 2. Both
modalities have similar target coverage. The homogeneity
and conformity were improved for lTomo plan with 𝑃 <
0.001 and 𝑃 = 0.006, respectively. Figures 4 and 5 show

the dose distributions and DVHs of case number 2 for each
modality, respectively. In Figure 4 the lTomo plan, a concave
dose distribution along the chest wall, was generated and the
doses to the heart and the ipsilateral lung were decreased.The
reductions are also shown in DVH (Figure 5(b)). In Table 2,
lTomo plan shows a significant dose reduction both in high
dose and low dose regions for ipsilateral lung and heart (𝑃 <
0.001). For contralateral lung, lTomo plan had a lower mean
lung dose (𝑃 < 0.001). For contralateral breast, there was
no significant difference between lTomo and hIMRT (𝑃 =
0.476).

4. Discussion

The high incidence rate and long-tern survival rate of female
breast cancer make the exposure effect from radiotherapy
on the subsequent risk for heart disease and developing
a second primary breast cancer an important issue. Both
the risks are radiation dose dependent. Traditionally, even
advanced techniques widely used in the majority of radiation
treatment techniques for breast cancer are still based on the
arrangement of tangential beams. The most possible reason
is this kind of beam arrangement for the anatomical rela-
tionship between the target and critical organs can achieve
adequate target coverage and effectively spare the dose to the
critical organs. Previous reports published their dosimetric
comparison results for left-sided breast irradiation with
traditional technique and advanced multibeam treatment
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Table 2: Plan evaluation parameters for hIMRT and lTomo plans.

Variable hIMRT lTomo
𝑃 value

Range Mean ± SD Range Mean ± SD
PTV
𝐷mean (Gy) 53.08–52.14 52.31 ± 0.09 52.27–51.25 51.68 ± 0.24 <0.001
𝐷max(Gy) 58.96–54.33 56.39 ± 1.29 58.49–53.10 54.97 ± 1.17 0.014
HI (%) 0.99–0.79 0.92 ± 0.04 1.00–0.97 0.99 ± 0.01 <0.001
CI 0.79–0.55 0.73 ± 0.04 0.82–0.64 0.75 ± 0.04 0.006

Left lung
𝐷mean (Gy) 16.38–6.15 10.03 ± 2.52 9.64–4.37 6.50 ± 1.39 <0.001
𝑉
5
(%) 50.71–21.60 33.14 ± 7.31 40.22–16.63 24.74 ± 5.24 <0.001
𝑉
10
(%) 39.64–14.64 23.54 ± 6.11 26.65–10.92 16.70 ± 4.07 <0.001
𝑉
20
(%) 32.90–9.56 18.64 ± 5.61 17.44–2.50 10.70 ± 3.42 <0.001

Right lung
𝐷mean (Gy) 1.30–0.38 0.94 ± 0.25 1.54–0.27 0.51 ± 0.23 <0.001

Heart
𝐷mean (Gy) 11.12–1.77 6.08 ± 2.74 5.36–0.85 2.76 ± 1.21 <0.001
𝑉
10
(%) 28.56–0.29 12.93 ± 8.02 13.00–0.00 5.14 ± 3.99 <0.001
𝑉
25
(%) 19.32–0.15 8.04 ± 5.64 7.69–0.00 1.80 ± 1.76 <0.001
𝑉
35
(%) 13.94–0.01 5.20 ± 4.11 3.64–0.00 0.82 ± 1.07 <0.001

Right breast
𝐷mean (Gy) 3.78–0.43 1.32 ± 0.78 3.23–0.38 1.33 ± 0.66 0.476
𝑉
5
(%) 12.00–0.02 3.31 ± 3.78 13.98–0.01 5.70 ± 3.66 <0.001
𝑉
10
(%) 7.50–0.00 1.72 ± 2.28 9.77–0.03 2.99 ± 2.44 0.003
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Figure 5: Dose-volume histograms for study case number 2 with hIMRT and lTomo techniques for target (a) and normal structures (b).

techniques [11, 15–17, 22]. A general conclusion from these
reports is that advanced treatment techniques can improve
target homogeneity and reduce high doses to the heart and
lung, but more healthy tissue received low doses.

This study compared the hybrid-IMRT tangential beam
based technique and the advanced multibeam limited-
tomotherapy technique for reducing the doses to the heart
and lung in patients with left-sided early-stage breast cancer.
Based on the results of this study, lTomo plan successfully

maintained the achievement of previous studies but also
significantly reduced the low dose irradiated to other healthy
tissues. From Table 2 the average of the mean doses to the
heart from the lTomo plans received less than half the dose
from the hIMRT plan (𝑃 < 0.001). The average of the low
dose volume (𝑉

5
) to the ipsilateral lung from the lTomo

plan involved less than 80% of that from the hIMRT plan
(𝑃 < 0.001). Additionally, the lTomo plan also reduced
the mean dose to the contralateral lung by approximately
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50% (𝑃 < 0.001). The significant reductions in doses to
the healthy tissues using the lTomo plan can improve the
treatment quality of left-sided early-stage breast cancer by
reducing the subsequent risk for heart disease and radiation
pneumonitis.

The tomotherapy Hi-ART planning system offers planner
a useful tool to control beamlet entrances by setting a
“directional block” or “complete block” structure. Previous
studies used this tool to design their plans [11, 15, 17], but
only in this study did we geometrically design the limited-
arc for beamlet entrance. By contouring the specific virtual
structures and setting a “directional block” or “complete
block,” dose distributions can be limited to a local region and
dose reductions to the ipsilateral or contralateral organs were
achieved. Additionally, a constraint-lung virtual structure
designed along the posterior chest wall side adjacent to the
ipsilateral lung is very helpful to obtaining a concave dose
distribution and reducing the high dose region to the heart
and lung.

Doses to the normal structures are significantly affected
by the anatomical relation between the target and normal
structures. MHD and MLD and ΔMTCA were used in this
study to support clear information of the anatomical condi-
tions for plan comparisons. Most of the patients in this study
presented an unfavorable cardiac anatomy [11].

The disadvantage of the lTomo plan is longer treatment
time by approximately 22 minutes. A 5.0 cm field width
assigned to the lTomo plan can significantly reduce the
treatment time. This is a trade-off between plan quality and
time. According to our experience, a comfortable setup and
steady fixation are important for keeping patients in the same
position during the treatment.

The concept described in this study should be able to
apply the VMAT and RapidArc delivery techniques. Further
study designed to verify this assumption will be performed in
the near future. Additionally, the same concept and method
should be applicable for the treatment of extended field breast
cancer which includes the internal mammalian lymph nodes.

In conclusion, hIMRT and lTomo provide similar dosi-
metric target coverage. The concave dose distribution shape
conforms to the breast tissue in the lTomo plan, resulting in
significant dose reductions to the heart and lung. By properly
designing the directionally and complete blocking structure,
an lTomo planwas successfully developed to reduce the doses
to healthy tissues compared to a conventional tangential-field
based plan for early-stage left-sided breast cancer radiother-
apy.
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Purpose. To compare toxicity profiles and biochemical tumor control outcomes between patients treated with image-guided
intensity-modulated radiotherapy (IG-IMRT) and non-IGRT intensity-modulated radiotherapy (IMRT) for clinically localized
prostate cancer. Materials and Methods. Between 2009 and 2012, 65 patients with localized prostate cancer were treated with IG-
IMRT.This group of patients was retrospectively compared with a similar cohort of 62 patients who were treated between 2004 and
2009 with IMRT to the same dose without image guidance. Results. The median follow-up time was 4.8 years. The rectal volume
receiving ≥40 and ≥70Gywas significantly lower in the IG-IMRT group. Grade 2 and higher acute and late GI andGU toxicity rates
were lower in IG-IMRT group, but there was no statistical difference. No significant improvement in biochemical control at 5 years
was observed in two groups. In a Cox regression analysis identifying predictors for PSA relapse-free survival, only preradiotherapy
PSA was significantly associated with biochemical control; IG-IMRT was not a statistically significant indicator. Conclusions. The
use of image guidance in the radiation of prostate cancer at our institute did not show significant reduction in the rates of GI and
GU toxicity and did not improve the biochemical control compared with IMRT.

1. Introduction

The practice of primary external-beam radiotherapy (EBRT)
for prostate cancer has changed dramatically. There were
many studies showing intensity-modulated radiotherapy
(IMRT) that improved survival rates and reduced side effects
comparing with conventional three-dimensional conformal
radiation therapy (3D-CRT) for the treatment of prostate
cancer [1, 2].With clinically proven benefit, IMRTbecame the
standard care for prostate cancer. Image-guided radiotherapy
(IGRT) uses 3D volumetric image to position the patient to
treatment position before radiation delivery. IGRT poten-
tially represents a more accurate form of dose delivery for
patients receiving radiotherapy for prostate cancer. Given the
highly conformal nature of this form of therapy, surrounding
normal tissues such as the rectum and bladder can be
effectively spared frombeing exposed to high radiation doses,
leading to fewer treatment complications [3, 4]. However, due
to the longer treatment time and additional cost, it is impor-
tant to understand the limitation of these new technologies
and determine whether a dosimetric gain can translate into
clinical benefit.

Since 2009, IG-IMRT has been the standard treatment at
our institution for all prostate cancer patients. In this study,
we retrospectively compared the outcomes of a cohort of
patients treated with definitive IG-IMRT to the outcomes in
a cohort treated with the same dose with IMRT but without
image-guided position correction. The toxicity and tumor-
control outcomes of these two patient cohorts were com-
pared.

2. Methods and Materials

2.1. Patient Characteristics. From 2009 to 2012, 65 patients
were treated with IG-IMRT to a dose of 76–80Gy for
stages T1–T3 prostate cancer. This group of patients was
retrospectively compared with a similar cohort of 62 patients
who were treated between 2004 and 2008 with IMRT to the
same prescription dose, but without cone beam computed
tomography (CBCT) guidance. The clinical characteristics of
these two patient populations are shown in Table 1. Patients
were staged according to the 2005American Joint Committee
on Cancer staging classification system. All patients had
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Table 1: Patient characteristic.

Patient demographics
IG-IMRT
(𝑛 = 65)

IMRT
(𝑛 = 62) 𝑃 value

𝑛 % 𝑛 %
Preradiotherapy PSA
<10 58 89.23 49 79.03

0.28610–20 4 6.15 7 11.29
>20 3 4.62 6 9.68

Total Gleason score
<7 10 15.38 12 19.35

0.5597 20 30.77 23 37.10
>7 34 52.31 27 43.55

T stage
T1 0 0 2 3.22

0.529T2 30 46.15 27 43.55
T3 35 53.85 33 53.23

Age (y)
<70 14 21.54 18 29.03 0.331
≥70 51 78.46 44 70.97

NCCN risk
Low 2 3.08 2 3.23

0.933Intermediate 13 20.00 10 16.13
High 50 76.92 50 80.64

Neoadjuvant ADT
Yes 56 86.15 52 83.87 0.718
No 9 13.85 10 16.13

ADT: androgen deprivation therapy; NCCN: National Comprehensive Can-
cer Network; PSA: prostate-specific antigen.

biopsy-proven adenocarcinoma that was classified according
to theGleason grading system, with neoadjuvant and concur-
rent androgen suppression therapy for prostate cancer.

For patients who received neoadjuvant androgen depri-
vation therapy (ADT; 𝑛 = 108; 85.04%), the median neoad-
juvant ADT time was 8 months.Themedian preradiotherapy
prostate-specific antigen (PSA) was 0.68 ng/mL.

2.2. Target Definition. All patients underwent CT simulation
approximately 2–4 days before starting treatment. A 5mm
slice thickness was used for CT image acquisition. The
patients were instructed to have a full bladder and empty
rectum at CT simulation and for each fraction of delivery.

Eclipse (Varian Medical Systems, Palo Alto, CA) was
used for treatment planning. The treatment techniques,
prescription dose, and dose-volume constraints for the target
and normal tissues used for both patient groups were the
same for the initial 66–70Gy. For both groups, the planning
target volume (PTV) included the prostate and entire seminal
vesicles with a 8–10mm margin except at the prostate-
rectal interface, where a 6mm margin was used. For the
IG-IMRT group, plan was modified for the last 5 fractions
(10Gy) with reduced PTV volume. In that boost plan, clinical
target volume (CTV)was expandedwith a three-dimensional
margin of 3-4mm to create a smaller PTV for planning.

The rationale at that time was not to deviate too much
fromour previous IMRT technique. But we hypothesized that
the use of daily IGRT during the boost phase should justify
reduced margin, given its enhanced positioning accuracy.

The pelvic lymph nodes were irradiated in patients with
an estimated risk of pelvic nodal involvement of ≥15% using
the Roach formula [5]. The pelvic nodal regions included the
internal and external iliac, common iliac, perirectal and pre-
sacral nodal regions [6], and common iliac lymph nodes up
to L5/S1.

The bladder, rectum, small bowel, and femoral headswere
delineated as OARs. The rectum volume included the entire
rectal wall and the lumen, extending from the anus to the rec-
tosigmoid flexure. The bladder was contoured from its base
to the dome.

2.3. Treatment Planning

2.3.1. IMRT Group. Single-fraction dose of 2Gy was pre-
scribed to PTV. If CTV included pelvic nodal regions, the
IMRT plan was given in two phases. In the first phase,
the PTV1 which included pelvic lymphatic drainage area,
seminal vesicles, and prostate received 48–50Gy in 24-25
fractions. Then a second CT simulation was performed. The
PTV2 which only included prostate and seminal vesicles
received 28–30Gy boost in 14-15 fractions to a total PTV
prostate dose of 76–80Gy in 38–40 fractions. All doses were
prescribed to a minimum isodose line encompassing ≥95%
of the PTV. Patients were treated with 7 fields IMRT using
Varian linear accelerators iX (Varian Medical Systems, Palo
Alto, CA) equipped with a 120-leaf Varianmillenniummulti-
leaf collimators. If CTV only included the prostate and entire
seminal vesicles, the IMRT plan was finished in one phase:
PTV received 76–78Gy in 38–40 fractions. Doses to OARs
were limited below thresholds. The dose constraints were
rectum volume: 𝑉

70
< 25% and 𝑉

50
< 50%; bladder: 𝑉

65
<

30% and 𝑉
50
< 50%; and femur: 𝑉

50
< 5%.

2.3.2. IG-IMRT Group. The prescription dose was the same
with IMRT group. The only difference was in the last 5
fractions where a new plan was generated with reduced PTV
margins.

2.4. Treatment Delivery and Outcomes Analyses. In the IG-
IMRT cohort, image guidance was achieved by using the
onboard imaging (OBI) system on the Varian iX linear
accelerator. Planning CT and the verification CBCT were
registered first with automatic bony registration, followed
by a manual registration based on the soft-tissue alignment
and prostate position in the CBCT. No prostate-implanted
markers were used. Daily imaging was performed during the
first three fractions. Thereafter, IGRT was utilized one to two
times weekly. For the last five fractions of treatment, CBCT
was performed everyday. Please note that most of studies
reported on prostate cancer using IGRT involved daily CBCT
[7–9]. In our center, for the purpose of saving treatment time
and minimizing additional radiation exposure, CBCT was
only used 10–15 times through the entire course of treatment.
The average number of CBCT was 12 times per patient.



BioMed Research International 3

Table 2: Comparison of doses received by organs at risk between
IMRT and IG-IMRT groups.

IG-IMRT IMRT 𝑃

Bladder
𝑉
40
(%) 57.88 58.32 0.937
𝑉
50
(%) 41.17 42.28 0.796
𝑉
60
(%) 27.48 30.62 0.905
𝑉
70
(%) 17.09 21.01 0.782

Volume 180.46 163.33 0.598
Rectum
𝑉
40
(%) 53.358 61.286 0.022
𝑉
50
(%) 39.945 40.131 0.949
𝑉
60
(%) 29.316 26.500 0.210
𝑉
70
(%) 14.493 18.745 0.006

Volume 60.74 73.35 0.200
𝑉40,𝑉50,𝑉60, and𝑉70 are the percentage of volume receiving ≥40, ≥50, ≥60,
and ≥70Gy, respectively. Data are presented as mean values.

Positioning errors were corrected online prior to treatment
every time a CBCT was acquired.

Dose-volume histogram endpoints were retrospectively
collected for all 127 patients. Using the composite plans, the
bladder volume and rectum volume receiving ≥40 (𝑉

40
), ≥50

(𝑉
60
), ≥60 (𝑉

60
), and ≥70 (𝑉

70
) Gy of the target volume

were recorded. The assessment of toxicity was performed
every week during treatment. Follow-up evaluations after RT
were performed at intervals of 3 to 6 months, and the
median follow-up time was 4.8 years (range, 1–8 years). The
median follow-up intervals for the IMRT and IG-IMRT
cohorts were 70 and 23months, respectively. PSA relapse was
defined according to the Phoenix definition (absolute nadir
plus 2 ng/mL dated at the call). All statistical analyses were
performed using Statistical Package for Social Sciences,
version 16.0 (SPSS, Chicago, IL). Gastrointestinal (GI) and
genitourinary (GU) toxicities were scored using the common
terminology criteria for adverse events (CTCAE), version 3.0,
grading schemes. Results were considered significant at a 𝑃
value <0.05.

3. Results

The patients’ characteristics are summarized in Table 1. All
patients completed RT, with no treatment breaks. The plan-
ning target volume dose coverage was not significantly diff-
erent between IMRT and IG-IMRT for the prostate, seminal
vesicles, and lymph nodes (𝑃 > 0.05).

3.1. Dosimetric Avoidance of Organs at Risk. Table 2 summa-
rized the differences in dosimetry of the bladder and rectum
for IMRT and IG-IMRT groups. The volume of bladder
receiving≥40,≥50,≥60, and≥70Gywas not significantly dif-
ferent from two groups (𝑃 > 0.05). The rectal volume receiv-
ing ≥40 (61.3 versus 53.4Gy; 𝑃 = 0.022) and ≥70Gy (18.7
versus 14.5 Gy; 𝑃 = 0.006) was significantly lower at the IG-
IMRT group.

Table 3: Comparison of acute rectal and urinary toxicities between
patients treated with IG-IMRT and IMRT.

Acute toxicities
IG-IMRT
(𝑛 = 65)

IMRT
(𝑛 = 62)

Total
(𝑛 = 127)

𝑛 % 𝑛 % 𝑛 %
Rectal

0 47 72.3 45 72.6 92 72.4
1 16 24.6 14 22.6 30 23.6
2 2 3.1 3 4.8 5 4.0
3 0 0.0 0 0.0 0 0.0

Urinary
0 32 49.2 26 41.9 58 45.7
1 23 35.4 24 38.7 47 37.0
2 10 15.4 12 19.4 22 17.3
3 0 0.0 0 0.0 0 0.0

Table 4: Comparison of late rectal and urinary toxicities between
patients treated with IG-IMRT and IMRT.

Late toxicities
IG-IMRT
(𝑛 = 65)

IMRT
(𝑛 = 62)

Total
(𝑛 = 127)

𝑛 % 𝑛 % 𝑛 %
Rectal

0 60 92.3 57 92.0 117 92.1
1 4 6.2 3 4.8 7 5.5
2 1 1.5 1 1.6 2 1.6
3 0 0.0 1 1.6 1 0.8

Urinary
0 60 92.3 54 87.1 114 89.7
1 4 6.2 6 9.7 10 7.9
2 1 1.5 2 3.2 3 2.4
3 0 0.0 0 0.0 0 0.0

3.2. Acute Toxicity. Regarding the acute toxicity, 77 patients
(67%) experienced grade 1 symptoms and 27 (21%) experi-
enced grade 2 toxicity. No grade 3 or higher acute events were
observed. The most common GU and GI radiation toxicities
were frequency/urgency and diarrhea. Table 3 compared the
incidence of acute rectal and urinary toxicities observed in
the IG-IMRT and IMRT treatment groups. No differences
were observed between the treatment groups for grade 2 and
higher acute GI and GU toxicity rates (𝑃 = 0.986; 𝑃 = 0.6).

3.3. Late Toxicity. The grade 2 or higher late rectal toxicity
was similar in and low for both the IGRT and non-IGRT
groups (1.5% and 3.2%, resp.; 𝑃 = 0.967). The most common
late GI radiation effect was mild bleeding. One patient
required minor cauterization for hemostasis. No late toxicity
grade 4 was observed. The incidence of grade 0-1 and
2GU toxicity was 96.8% and 3.2%, respectively, with IMRT
compared with 98.5% and 1.5%, respectively, with IG-IMRT
(Table 4). In a logistic regression analysis, IGRT was not
associated with significantly less acute and late toxicity
compared with non-IGRT patients (𝑃 > 0.05).
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Figure 1: Comparison of prostate-specific antigen relapse-free sur-
vival outcomes between the high-risk patients treated with image-
guided radiotherapy (IG-IMRT) and those treatedwith IMRT alone.

3.4. Biochemical Control. No significant improvement in
biochemical control at 5 years was observed in the low- and
intermediate-risk patients in IG-IMRTcohort comparedwith
IMRTgroup (𝑃 = 0.427). As noted in Figure 1, the same result
was observed in the high-risk group patients (𝑃 = 0.575).
In a Cox regression analysis identifying predictors for PSA
relapse-free survival, only preradiotherapy PSA was signifi-
cantly associated with biochemical control; image guidance
was not (Table 5).

4. Discussion

Intuitively, IG-IMRT would provide enhanced delivery accu-
racy than IMRT alone. Thus IG-IMRT by default should
demonstrate reduction in normal organ toxicity and better
tumor-control outcomes. Chung et al. [10] have reported
reduced acute bladder and rectal toxicities associated with
whole pelvic IGRT compared with IMRT in prostate cancer
patients. Their study used smaller PTV margins for IG-
IMRT group attributing it to the enhanced accuracy of image
guidance. In 2009, de Crevoisier et al. described a series of
107 patients who underwent IG-IMRT (CBCT used in 67%
of patients, fiducial markers in 28%, and ultrasounds in 5%),
with a median total dose of 76Gy [11]. Grades 2 and 3 acute
rectal toxicity rates were only 7% and 0%, respectively. More
recently, a retrospective comparison by Zelefsky et al. [12]
noted that IGRT was associated with an improvement in
biochemical tumor control among high-risk patients and a
lower rate of late urinary toxicity compared with high-dose
IMRT (86.4Gy).

However, there are many factors that can potentially
compromise the benefit of image guidance. For that reason,
although numerous studies have demonstrated the dosi-
metric superiority of IG-IMRT compared with IMRT, very
limited numbers of studies have shown that these dosimetric
differences can lead to tangible differences to the patient
in terms of toxicity and tumor control [12–14]. Our study

Table 5: Cox regression analysis for predictors identifying PSA
relapse-free survival.

Cox regression 𝐵 SE 𝑃 Exp(𝐵) 95% CI
Lower Upper

Gleason score ≥8 −0.120 0.480 0.802 0.887 0.346 2.273
T stage 0.419 0.460 0.362 1.520 0.617 3.744
Age 0.012 0.024 0.609 1.012 0.996 1.062
Preradiotherapy PSA 0.019 0.004 0.000 1.019 1.011 1.028
IG 0.609 0.546 0.265 1.838 0.630 5.362
𝐵: regression coefficient estimate; SE: standard error; CI: confidence interval;
IG: image guidance; PSA: prostate-specific antigen.

intended to show that without carefully cultivated implemen-
tation plan, addition of image guidance may not translate to
clinically significant outcome improvements. In our study,
both groups were treated to the same radiation dose level and
with similar margins for the PTV. The patients’ characters of
two groups were almost identical (𝑃 > 0.05). Our results
showed that there were no significant differences in side
effects and clinical control between IG-IMRT and IMRT
groups. Although these results are a little bit unexpected, they
are not surprising. We believe the following factors could
potentially compromise the benefit of image guidance.

(i) Frequency of Image Guidance. Most studies that demon-
strated significant IGRT benefit used daily image guidance.
Han et al. reported that daily image guidance was needed
throughout the course of treatment in conformal radiother-
apy for esophageal cancer. Even if the most frequent less-
than-daily IG strategy was to be used, substantial residual
setup errors would occur for treatment fractions without
image guidance, which could lead to significant daily dose
variations for the target volume and adjacent normal tissues.
However, one of the downsides of daily IGRT is the extra
radiation dose it introduces [15–17]. Table 6 provides a list
of the doses per fraction associated with a list of different
IGRT modalities. There was at least one report stipulating
that the extra imaging dose was associated with more toxicity
if not computed in the total dose delivered [18]. Another
consideration is the cost and resources. A randomized trial
in France showed that the average increase of cost for CBCT-
based daily imaging guidance was 43% higher than weekly
imaging. They suggested that daily IGRT combined with
intensity-modulated RT (IMRT) should only be considered
in high-dose radiation delivery situations [19]. For the sake
of reducing cost and imaging dose, we designed our study
with less than daily image guidance. For each prostate patient
treatment course, only 10–16 (mean = 12) CBCTs were per-
formed. For a treatment extending over a large number of
fractions, the impact of day-to-day delivery variation, or
random error, is usually less important than systematic errors
[20–22]. However, when the number of fractions is reduced,
then random error (amplified without image guidance) can
have a larger negative impact [21]. Lack of daily CBCT in our
study could be one of the reasons why the side effects of two
groups were not significantly different.
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Table 6: Added dose and time per modality per fraction in pelvis IGRT [16, 50–53].

Modality Dose at midbody (cGy) Time (min)∗ Available examples&

Ultrasound 0 2-3 BATCAM, Clarity
Plain kV† 0.1–0.6 0.1–3 Cyberknife, ExacTrac
Plain MV† 1–10 0.1–3 Various EPID and portal devices
kV CBCT‡ 2-3 2–4 ARTISTE, OBI, XVI
MV CBCT 5–15 2-3 MVision
kV FBCT§ 0.8–2.8 15 CTVision, EXaCT
MV FBCT 1.5–3 2-3 Tomotherapy
FBCT: fan-beam computed tomography scanning.
∗excludes image interpretation and action on observations.
&BATCAM, Best nomos, Pittsburgh, PA; Clarity and XVI, Elekta, Stockholm, Sweden; Cyberknife and Tomotherapy, Accuray, Sunnyvale, CA; EXaCT,
ExacTrac, and OBI, Varian Medical Systems, Inc., Palo Alto, CA; ARTISTE, CTVision, and MVision, Siemens AG, Erlangen, Germany.
†For 2 incidences.
‡Full soft-tissue scan, 360∘.
§involves couch rotation and CT translation because CT scanning is not on linac gantry.

(ii) PTV Margins. One challenge facing RT is organ motion.
This is especially relevant for prostate cancer. Recent studies
have shown a significant degree of prostate motion, both
inter- and intrafraction, and its adverse effects on IMRT
dosimetry [23–25]. Appropriate margins have to be applied
to ensure the targets receiving desired prescription dose. The
magnitude of margin depends on the delivery technique.
Various strategies have been studied, such as implanting
fiducial gold seed markers (FMs) into the prostate [26–29],
implanting beacon transponders into the prostate that allows
for continuous, real-time localization [30–32], using an
endorectal balloon to limit prostate motion during treatment
[33], verifying the prostate position using B-mode acquisi-
tion, and targeting transabdominal ultrasonography before
each treatment [34–37] or helical tomotherapy [24, 38, 39]
orwithCBCT [40–42]. Collectively, these strategies represent
different attempts at IGRT, ultimately permitting the reduc-
tion of the PTV margins because of improved setup accu-
racy and reproducibility. Only with reduced margin, IMRT
planning can take full advantage of image guidance and
generate plans with reduced normal organ dose. Otherwise,
the treatment plan will be identical with or without image
guidance. In our study, similar PTV margins were used in
both groups.

Fiducialmarkers can facilitate the localization of prostate.
Soft-tissue targeting (prostate) requires a higher-dose imag-
ing technique, but high-contrast targets, such as bone or
metallic fiducial markers, can be accurately visualized at
imaging doses as low as 0.1 to 0.5 cGy. Different registration
can result from which landmarks are used as the refer-
ence, either fiducial markers, soft-tissue registration, or bony
anatomy structures. Alander et al. [43] investigated the
prostate bed localization difference between soft-tissue reg-
istration and gold seed fiducial localization. They found that
the gold seed fiducial localization is better than bone local-
ization and soft-tissue registration in daily IGRT. The CBCT
and the bony structure alignment can reduce setup errors
as compared to the localization with skin marks. Ost et al.
[44] used anterior rectal wall to match posterior wall of the
prostate bed of the CBCT with the planning CT and the

registration was performed by a radiation oncologist and a
therapist. In our study, no fiducial markers were used. CBCT
for first 2-3 treatment fractions and last five fractions were
supervised by a radiation oncologist. Radiation therapists did
the rest of registration sessions by bony alignment. If we had
implanted fiducial markers, therapists alone would be able to
perform the registration more consistently. This was the rea-
sonwe kept the PTVmargins similar between the two groups.
Without margin reduction, the advantage of image guidance
was not fully realized.

(iii) Prescription Dose. Total radiation dose delivered to the
target was one of the most important predictors of long-term
biochemical tumor control [45]. Published randomized trials
[46–49] demonstrated significant improvements in biochem-
ical tumor control for low-risk patients and intermediate- and
high-risk patients with escalated dose. It is reasonable to
assume that additional escalation of the radiation dose for
intermediate-risk patients and, especially, high-risk patients
would be associated with further improvements in tumor-
control outcomes. Zelefsky et al. [45] reported 2551 patients
with clinical stages T1–T3 prostate cancer. Dose levels of
≥75.6Gy for low-risk patients were associated with improved
long-term PSA-RFS outcomes, and for higher-risk patients
they observed improved biochemical control with ≥81Gy. In
our study, the PTV dose of two groups was the same (76–
80Gy). So it was not a surprise to see that the clinical tumor-
control outcome was similar between IG-IMRT and IMRT
groups.

(iv) Sample Size and Follow-Up Length. As shown in Table 7,
the percentage of grade 2 acute GI and GU toxicity was 17%
and 42% in six previously reported studies.They were slightly
higher than our IMRT and IG-IMRT groups. Statistically,
there were no differences between our two groups due to
our small sample sizes and the low probability of side effects.
The incidence of grade 2 and higher late rectal and bladder
toxicity was so low for both treatment groups (1.5% and 3%,
resp.; 𝑃 = 0.41) that only 1 or 2 patients had any problems.
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Table 7: Acute gastrointestinal (GI) and genitourinary (GU) toxicity in the literature on radiation therapy of prostate cancer.

Study Patients
(𝑛)

Total dose
(Gy)

Fractions
(𝑛)

EQD2
(Gy) IGRT Acute GI (%) Acute GU (%)

Grade 2 Grade 3 Grade 2 Grade 3

Pollack et al. 2006 [7] 100 76 (D95)
70.4 (D95)

38
28

76
84.6 Daily 8

18
0
0

54
40

2
8

Fonteyne et al. 2008 [8] 230 78 (median) 38 79.1 Daily 11 0 41 7
Ghadjar et al. 2008 [54] 39 80 (median) 40 80 Daily 3 0 56 8
Lips et al. 2008 [9] 331 76 (mean) 35 79.7 Daily 30 0 47 3
Marchand et al. 2010 [55] 55 72.2 38 70.1 Daily 12.7 0 38.2 1.8
Deville et al. 2010 [56] 30 79.2 44 74.7 Daily 13 0 50 0
Our own data 127 78.6 (mean) 39 78.9 Customized 4 0 17.3 0

More patients would be required to demonstrate any differ-
ence in the tolerance profile of treated patients. In addition,
the follow-up length in our study was relatively short with
only 23 months (median) in the IG-IMRT group. Longer
followup can potentially magnify the differences between the
groups.

In conclusion, our study did not show significant
improvement in biochemical control at 5 years in the low-,
intermediate-, and high-risk prostate patients with IG-IMRT
compared with IMRT alone; neither did we observe any
statistical difference in grade 2 and higher acute GI and
GU toxicity rates. We believe it was due to multiple factors
including the frequency of image guidance, PTV margin
and dose, sample size, and length of followup. In order to
maximize the benefit of IGRT, those parameters should be
carefully evaluated.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This work was supported by the National Natural Science
Foundation of China (Grant nos. 81101694 and 81372415).

References

[1] M. J. Zelefsky, Z. Fuks, L. Happersett et al., “Clinical experience
with intensity modulated radiation therapy (IMRT) in prostate
cancer,” Radiotherapy & Oncology, vol. 55, no. 3, pp. 241–249,
2000.

[2] J. M. Michalski, Y. Yan, D. Watkins-Bruner et al., “Preliminary
toxicity analysis of 3-dimensional conformal radiation therapy
versus intensity modulated radiation therapy on the high-dose
arm of the radiation therapy oncology group 0126 prostate can-
cer trial,” International Journal of Radiation Oncology, Biology,
Physics, vol. 87, no. 5, pp. 932–938, 2013.

[3] B. S. Teh, W. Mai, W. H. Grant III et al., “Intensity modulated
radiotherapy (IMRT) decreases treatment-related morbidity
and potentially enhances tumor control,” Cancer Investigation,
vol. 20, no. 4, pp. 437–451, 2002.

[4] B. S. Teh, W. Mai, B. M. Uhl et al., “Intensity-modulated
radiation therapy (IMRT) for prostate cancer with the use of
a rectal balloon for prostate immobilization: acute toxicity and
dose-volume analysis,” International Journal of RadiationOncol-
ogy Biology Physics, vol. 49, no. 3, pp. 705–712, 2001.

[5] M. Roach III, M. DeSilvio, C. Lawton et al., “Phase III trial
comparing whole-pelvic versus prostate-only radiotherapy and
neoadjuvant versus adjuvant combined androgen suppression:
Radiation Therapy Oncology Group 9413,” Journal of Clinical
Oncology, vol. 21, no. 10, pp. 1904–1911, 2003.

[6] A. Wang-Chesebro, P. Xia, J. Coleman, C. Akazawa, and M.
Roach III, “Intensity-modulated radiotherapy improves lymph
node coverage and dose to critical structures compared with
three-dimensional conformal radiation therapy in clinically
localized prostate cancer,” International Journal of Radiation
Oncology, Biology, Physics, vol. 66, no. 3, pp. 654–662, 2006.

[7] A. Pollack, A. L. Hanlon, E. M. Horwitz et al., “Dosimetry
and preliminary acute toxicity in the first 100 men treated for
prostate cancer on a randomized hypofractionation dose esca-
lation trial,” International Journal of Radiation Oncology Biology
Physics, vol. 64, no. 2, pp. 518–526, 2006.

[8] V. Fonteyne, G. Villeirs, B. Speleers et al., “Intensity-modulated
radiotherapy as primary therapy for prostate cancer: report on
acute toxicity after dose escalationwith simultaneous integrated
boost to intraprostatic lesion,” International Journal of Radiation
Oncology Biology Physics, vol. 72, no. 3, pp. 799–807, 2008.

[9] I. M. Lips, H. Dehnad, C. H. van Gils, A. E. B. Kruger, U.
A. van der Heide, and M. van Vulpen, “High-dose intensity-
modulated radiotherapy for prostate cancer using daily fiducial
marker-based position verification: acute and late toxicity in 331
patients,” Radiation Oncology, vol. 3, no. 1, article 15, 2008.

[10] H. T. Chung, P. Xia, L. W. Chan, E. Park-Somers, andM. Roach
III, “Does image-guided radiotherapy improve toxicity profile
in whole pelvic-treated high-risk prostate cancer? comparison
between IG-IMRT and IMRT,” International Journal of Radia-
tion Oncology Biology Physics, vol. 73, no. 1, pp. 53–60, 2009.

[11] R. de Crevoisier, P. Pommier, J. Bachaud et al., “Image-guided
radiation therapy (IGRT) in prostate cancer: preliminary results
in prostate registration and acute toxicity of a randomized
study,” International Journal of Radiation Oncology, Biology,
Physics, vol. 75, no. 3, p. s99, 2009.

[12] M. J. Zelefsky, M. Kollmeier, B. Cox et al., “Improved clinical
outcomes with high-dose image guided radiotherapy compared
with non-IGRT for the treatment of clinically localized prostate
cancer,” International Journal of Radiation Oncology Biology
Physics, vol. 84, no. 1, pp. 125–129, 2012.



BioMed Research International 7

[13] D. E. Spratt, X. Pei, J. Yamada, M. A. Kollmeier, B. Cox, and M.
J. Zelefsky, “Long-term survival and toxicity in patients treated
with high-dose intensity modulated radiation therapy for
localized prostate cancer,” International Journal of Radiation
Oncology Biology Physics, vol. 85, no. 3, pp. 686–692, 2013.

[14] A. Bujold, T. Craig, D. Jaffray, and L. A. Dawson, “Image-guided
radiotherapy: has it influenced patient outcomes?” Seminars in
Radiation Oncology, vol. 22, no. 1, pp. 50–61, 2012.

[15] M. K. Islam, T. G. Purdie, B. D. Norrlinger et al., “Patient dose
from kilovoltage cone beam computed tomography imaging in
radiation therapy,”Medical Physics, vol. 33, no. 6, pp. 1573–1582,
2006.

[16] C. Walter, J. Boda-Heggemann, H. Wertz et al., “Phantom and
in-vivomeasurements of dose exposure by image-guided radio-
therapy (IGRT): MV portal images vs. kV portal images vs.
cone-beam CT,” Radiotherapy and Oncology, vol. 85, no. 3, pp.
418–423, 2007.

[17] G. X. Ding and C. W. Coffey, “Radiation dose from kilovoltage
cone beam computed tomography in an image-guided radio-
therapy procedure,” International Journal of RadiationOncology,
Biology, Physics, vol. 73, no. 2, pp. 610–617, 2009.

[18] J. Simon, F. Eschwege, and L. El Hajj, “409 Patients over exposed
during radiotherapy for prostate cancer after daily use of portal
imaging controls,” International Journal of Radiation Oncology,
Biology, Physics, vol. 78, no. 3, p. S361, 2010.

[19] L. Perrier, M. Morelle, P. Pommier et al., “Cost of prostate
image-guided radiation therapy: results of a randomized trial,”
Radiotherapy and Oncology, vol. 106, no. 1, pp. 50–58, 2013.

[20] J. C. Stroom, H. C. J. de Boer, H. Huizenga, and A. G. Visser,
“Inclusion of geometrical uncertainties in radiotherapy treat-
ment planning by means of coverage probability,” International
Journal of Radiation Oncology Biology Physics, vol. 43, no. 4, pp.
905–919, 1999.

[21] M. van Herk, P. Remeijer, C. Rasch, and J. V. Lebesque,
“The probability of correct target dosage: dose-population his-
tograms for deriving treatment margins in radiotherapy,” Inter-
national Journal of Radiation Oncology Biology Physics, vol. 47,
no. 4, pp. 1121–1135, 2000.

[22] M. Van Herk, P. Remeijer, and J. V. Lebesque, “Inclusion of
geometric uncertainties in treatment plan evaluation,” Interna-
tional Journal of Radiation Oncology Biology Physics, vol. 52, no.
5, pp. 1407–1422, 2002.

[23] N. P. Orton and W. A. Tomé, “The impact of daily shifts on
prostate IMRT dose distributions,” Medical Physics, vol. 31, no.
10, pp. 2845–2848, 2004.

[24] P. A. Kupelian, K. M. Langen, O. A. Zeidan et al., “Daily vari-
ations in delivered doses in patients treated with radiotherapy
for localized prostate cancer,” International Journal of Radiation
Oncology Biology Physics, vol. 66, no. 3, pp. 876–882, 2006.

[25] V. Landoni, B. Saracino, S. Marzi et al., “A study of the effect
of setup errors and organ motion on prostate cancer treatment
with IMRT,” International Journal of Radiation Oncology, Biol-
ogy, Physics, vol. 65, no. 2, pp. 587–594, 2006.

[26] J. M. Schallenkamp, M. G. Herman, J. J. Kruse, and T. M. Pisan-
sky, “Prostate position relative to pelvic bony anatomy based
on intraprostatic gold markers and electronic portal imaging,”
International Journal of Radiation Oncology Biology Physics, vol.
63, no. 3, pp. 800–811, 2005.

[27] L. E. Millender, M. Aubin, J. Pouliot, K. Shinohara, and M.
Roach III, “Daily electronic portal imaging for morbidly obese
men undergoing radiotherapy for localized prostate cancer,”

International Journal of Radiation Oncology Biology Physics, vol.
59, no. 1, pp. 6–10, 2004.

[28] M. G. Herman, T. M. Pisansky, J. J. Kruse, J. I. Prisciandaro, B.
J. Davis, and B. F. King, “Technical aspects of daily online posi-
tioning of the prostate for three-dimensional conformal radio-
therapy using an electronic portal imaging device,” Interna-
tional Journal of Radiation Oncology Biology Physics, vol. 57, no.
4, pp. 1131–1140, 2003.

[29] E. Vigneault, J. Pouliot, J. Laverdière, R. Jean, and M. Dorion,
“Electronic portal imaging device detection of radioopaque
markers for the evaluation of prostate position during mega-
voltage irradiation: a clinical study,” International Journal of
Radiation Oncology Biology Physics, vol. 37, no. 1, pp. 205–212,
1997.

[30] T. R. Willoughby, P. A. Kupelian, J. Pouliot et al., “Target local-
ization and real-time tracking using theCalypso 4D localization
system in patients with localized prostate cancer,” International
Journal of Radiation Oncology Biology Physics, vol. 65, no. 2, pp.
528–534, 2006.

[31] P. Kupelian, T. Willoughby, A. Mahadevan et al., “Multi-
institutional clinical experience with the Calypso System in
localization and continuous, real-time monitoring of the pro-
state gland during external radiotherapy,” International Journal
of Radiation Oncology Biology Physics, vol. 67, no. 4, pp. 1088–
1098, 2007.

[32] D. W. Litzenberg, J. M. Balter, S. W. Hadley et al., “Influence
of intrafraction motion on margins for prostate radiotherapy,”
International Journal of Radiation Oncology Biology Physics, vol.
65, no. 2, pp. 548–553, 2006.

[33] E. N. J. T. Van Lin, L. P. Van Der Vight, J. A. Witjes, H. J. Huis-
man, J. W. Leer, and A. G. Visser, “The effect of an endorectal
balloon and off-line correction on the interfraction systematic
and random prostate position variations: a comparative study,”
International Journal of Radiation Oncology Biology Physics, vol.
61, no. 1, pp. 278–288, 2005.

[34] J. Lattanzi, S.McNeeley,W. Pinover et al., “A comparison of daily
CT localization to a daily ultrasound-based system in prostate
cancer,” International Journal of Radiation Oncology, Biology,
Physics, vol. 43, no. 4, pp. 719–725, 1999.

[35] C. F. Serago, S. J. Chungbin, S. J. Buskirk, G. A. Ezzell, A. C. Col-
lie, and S. A. Vora, “Initial experience with ultrasound localiza-
tion for positioning prostate cancer patients for external beam
radiotherapy,” International Journal of Radiation Oncology Biol-
ogy Physics, vol. 53, no. 5, pp. 1130–1138, 2002.

[36] E. Huang, L. Dong, A. Chandra et al., “Intrafraction prostate
motion during IMRT for prostate cancer,” International Journal
of RadiationOncology Biology Physics, vol. 53, no. 2, pp. 261–268,
2002.

[37] T. J. Scarbrough, N. M. Golden, J. Y. Ting et al., “Comparison
of ultrasound and implanted seed marker prostate localization
methods: Implications for image-guided radiotherapy,” Interna-
tional Journal of Radiation Oncology Biology Physics, vol. 65, no.
2, pp. 378–387, 2006.

[38] P. A. Kupelian, C. Lee, K. M. Langen et al., “Evaluation of
image guidance strategies in the treatment of localized prostate
cancer,” International Journal of Radiation Oncology Biology
Physics, vol. 70, no. 4, pp. 1151–1157, 2008.

[39] D.M.Drabik,M.A.MacKenzie, andG. B. Fallone, “Quantifying
appropriate PTV setupmargins: analysis of patient setup fidelity
and intrafraction motion using post-treatment megavoltage



8 BioMed Research International

computed tomography scans,” International Journal of Radia-
tion Oncology, Biology, Physics, vol. 68, no. 4, pp. 1222–1228,
2007.

[40] D. J. Moseley, E. A.White, K. L.Wiltshire et al., “Comparison of
localization performance with implanted fiducial markers and
cone-beam computed tomography for on-line image-guided
radiotherapy of the prostate,” International Journal of Radiation
Oncology Biology Physics, vol. 67, no. 3, pp. 942–953, 2007.

[41] J. Nijkamp, F. J. Pos, T. T. Nuver et al., “Adaptive radiotherapy for
prostate cancer using kilovoltage cone-beam computed tomog-
raphy: first clinical results,” International Journal of Radiation
Oncology Biology Physics, vol. 70, no. 1, pp. 75–82, 2008.

[42] M. H. P. Smitsmans, J. De Bois, J. Sonke et al., “Automatic pro-
state localization on cone-beam CT scans for high precision
image-guided radiotherapy,” International Journal of Radiation
Oncology Biology Physics, vol. 63, no. 4, pp. 975–984, 2005.

[43] E. Alander, H. Visapaa, M. Kouri et al., “Gold seed fiducials in
analysis of linear and rotational displacement of the prostate
bed,” Radiotherapy and Oncology, vol. 110, no. 2, pp. 256–260,
2014.

[44] P. Ost, G. de Meerleer, W. de Gersem, A. Impens, and W. de
Neve, “Analysis of prostate bed motion using daily cone-beam
computed tomography during postprostatectomy radiother-
apy,” International Journal of Radiation Oncology Biology
Physics, vol. 79, no. 1, pp. 188–194, 2011.

[45] M. J. Zelefsky, X. Pei, J. F. Chou et al., “Dose escalation for
prostate cancer radiotherapy: predictors of long-term biochem-
ical tumor control and distant metastases-free survival out-
comes,” European Urology, vol. 60, no. 6, pp. 1133–1139, 2011.

[46] A. Pollack, G. K. Zagars, G. Starkschall et al., “Prostate cancer
radiation dose response: results of theM. D. Anderson phase III
randomized trial,” International Journal of Radiation Oncology
Biology Physics, vol. 53, no. 5, pp. 1097–1105, 2002.

[47] A. L. Zietman, K. Bae, J. D. Slater et al., “Randomized trial com-
paring conventional-dose with high-dose conformal radiation
therapy in early-stage adenocarcinoma of the prostate: long-
term results fromProtonRadiationOncologyGroup/American
College Of Radiology 95-09,” Journal of Clinical Oncology, vol.
28, no. 7, pp. 1106–1111, 2010.

[48] S. T. Peeters, W. D. Heemsbergen, P. C. Koper et al., “Dose-
response in radiotherapy for localized prostate cancer: results of
the Dutchmulticenter randomized phase III trial comparing 68
Gy of radiotherapywith 78Gy,” Journal of Clinical Oncology, vol.
24, no. 13, pp. 1990–1996, 2006.

[49] D. P. Dearnaley, M. R. Sydes, J. D. Graham et al., “Escalated-
dose versus standard-dose conformal radiotherapy in prostate
cancer: first results from the MRC RT01 randomised controlled
trial,” Lancet Oncology, vol. 8, no. 6, pp. 475–487, 2007.

[50] M. J. Murphy, J. Balter, S. Balter et al., “The management of
imaging dose during image-guided radiotherapy: report of the
AAPMTaskGroup 75,”Medical Physics, vol. 34, no. 10, pp. 4041–
4063, 2007.

[51] G. Delpon, C. Llagostera, M. Le Blanc et al., “Use of IGRT for
prostate cancers (OBI-CBCTVarianŮ, ExacTracⓇ BrainLABŮ
and MVCT TomoTherapy),” Cancer/Radiotherapie, vol. 13, no.
5, pp. 399–407, 2009.

[52] C. Peng, K. Kainz, C. Lawton, and X. A. Li, “A Comparison of
daily megavoltage CT and ultrasound image guided radiation
therapy for prostate cancer,”Medical Physics, vol. 35, no. 12, pp.
5619–5628, 2008.

[53] C.W. Cheng, J.Wong, L. Grimm,M. Chow,M.Uematsu, andA.
Fung, “Commissioning and clinical implementation of a sliding

gantry CT scanner installed in an existing treatment room and
early clinical experience for precise tumor localization,” The
American Journal of Clinical Oncology, vol. 26, no. 3, pp. e28–
e36, 2003.

[54] P. Ghadjar, J. Vock, D. Vetterli et al., “Acute and late toxicity
in prostate cancer patients treated by dose escalated intensity
modulated radiation therapy and organ tracking,” Radiation
Oncology, vol. 3, no. 1, article 35, 2008.

[55] V.Marchand, S. Bourdin, C. Charbonnel et al., “No impairment
of quality of life 18 months after high-dose intensity-modulated
radiotherapy for localized prostate cancer: a prospective study,”
International Journal of Radiation Oncology Biology Physics, vol.
77, no. 4, pp. 1053–1059, 2010.

[56] C. Deville, S. Both, W.-T. Hwang, Z. Tochner, and N. Vapiwala,
“Clinical toxicities and dosimetric parameters after whole-
pelvis versus prostate-only intensity-modulated radiation ther-
apy for prostate cancer,” International Journal of Radiation
Oncology, Biology, Physics, vol. 78, no. 3, pp. 763–772, 2010.



Clinical Study
Clinical Study of Nasopharyngeal Carcinoma Treated by Helical
Tomotherapy in China: 5-Year Outcomes

Lei Du,1,2 Xin-Xin Zhang,3 Lin Ma,1,2 Lin-Chun Feng,1,2 Fang Li,4 Gui-Xia Zhou,1

Bao-Lin Qu,1 Shou-Ping Xu,1 Chuan-Bin Xie,1 and Jack Yang5

1 Department of Radiation Oncology, Chinese PLA General Hospital, 28 Fuxing Road, Beijing 100853, China
2Department of Radiation Oncology, Hainan Branch of Chinese PLA General Hospital, Haitang Bay, Sanya 572000, China
3Department of Otorhinolaryngology, Chinese PLA General Hospital, 28 Fuxing Road, Beijing 100853, China
4Department of Medical Oncology, Chinese PLA General Hospital, 28 Fuxing Road, Beijing 100853, China
5 Department of Radiation Oncology, Monmouth Medical Center, 300 2nd Avenue, Long Branch, NJ 07740, USA

Correspondence should be addressed to Lin Ma; malinpharm@sina.com

Received 21 February 2014; Accepted 25 May 2014; Published 9 July 2014

Academic Editor: Tsair-Fwu Lee

Copyright © 2014 Lei Du et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. To evaluate the outcomes of nasopharyngeal carcinoma (NPC) patients treated with helical tomotherapy (HT).
Methods. Between September 2007 and August 2012, 190 newly diagnosed NPC patients were treated with HT.Thirty-one patients
were treated with radiation therapy as single modality, 129 with additional cisplatin-based chemotherapy with or without anti-
EGFR monoclonal antibody therapy, and 30 with concurrent anti-EGFR monoclonal antibody therapy. Results. Acute radiation
related side effects were mainly grade 1 or 2. Grade 3 and greater toxicities were rarely noted. The median followup was 32 (3–38)
months. The local relapse-free survival (LRFS), nodal relapse-free survival (NRFS), distant metastasis-free survival (DMFS), and
overall survival (OS) were 96.1%, 98.2%, 92.0%, and 86.3%, respectively, at 3 years. Coxmultivariate regression analysis showed that
age and T stage were independent predictors for 3-year OS. Conclusions.Helical tomotherapy for NPC patients achieved excellent
3-year locoregional control, distant metastasis-free survival, and overall survival, with relatively minor acute and late toxicities. Age
and T stage were the main prognosis factors.

1. Background

Nasopharyngeal carcinoma (NPC) is one of the most com-
mon head and neck cancers in China, with an incidence
ranging from 25 to 30 out of 100,000 per year [1]. Due to
the anatomical and biological specificity of NPC, radiation
therapy or chemoradiotherapy has been recognized as an
effective radical treatment. Unlike two-dimensional conven-
tional radiation therapy (2DCRT) and three-dimensional
conformal radiation therapy (3DCRT), intensity modulated
radiation therapy (IMRT) can deliver a highly conformed
dose to targets while effectively sparing critical normal organs
and has the potential to improve local control rate and
reduce radiation-related toxicities [2–11]. The possibility of
dose-painting, optimized dose distributions, and improved

treatment outcome have shifted the treatment of choice for
NPC toward IMRT.

Helical tomotherapy (HT) is a unique IMRT modality
that combines elements of diagnostic radiology and radiation
therapy in a single unit. In addition to the ability to deliver
a highly conformal dose distribution, HT is equipped with
xenon detectors designed to obtain megavoltage computed
tomography (MVCT) images utilized for pretreatment setup
verification [12]. This system has many dosimetric advan-
tages, but to date few clinical observations of large number
of NPC patients treated with HT-based IMRT have been
reported [13–15]. Since our center installed the first HT unit
in China in September 2007, more than 1800 cases have
been treated. Among these patients 40% were head and neck
cancers. After the report of our short-term observation of 73
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NPC patients [15], we present here the clinical observation
of 190 NPC patients treated with the only HT unit in China
during 5 years.

2. Materials and Methods

2.1. Patient’s Characteristics. Over five years, from September
2007 to August 2012, there were 190 histologically proven
nonmetastatic NPC patients treated with HT at our center.
All patients had nasopharyngeal and skull base computed
tomography (CT) or magnetic resonance imaging (MRI),
endoscopic evaluation, complete blood counts, hepatic and
renal function tests, neck and abdomen ultrasound, and bone
scanning. Positron emission tomography (PET)was optional.
Clinical stage was established according to the UICC 2002
staging system (Table 1). Table 2 summarizes patients’ char-
acteristics. Informed consent was obtained from all patients
before receiving treatment, and this study was approved by
the ethics committee of the Chinese PLA General Hospital.

2.2. Helical Tomotherapy. Plain and enhanced CT images
with 3mm slice thickness were taken for treatment planning,
then transmitted to the Pinnacle3 8.0 workstation, and fused.
Enhanced CT, MRI, or PET images were used as a guide
for target contours. The gross target volume of the primary
tumor (GTVnx) and metastatic lymph nodes (GTVnd) were,
respectively, defined as the visible tumor and involved nodes
larger than 1 cm in diameter or with necrotic centers on CT
or MRI images. The pGTVnx was obtained by expanding the
corresponding GTVnx with a margin of 3–5mm limited by
the brainstem, spinal cord, optic chiasma, and optic nerve.
The pGTVnd was the GTVnd with an expansion of 3mm.
The clinical target volume 1 (CTV1) covered nasopharynx,
high-risk local structures (i.e., skull base, clivus, parapha-
ryngeal space, retropharyngeal lymph nodes, sphenoid sinus,
sphenomaxillary fossa, posterior part of the nasal cavity and
maxillary sinus, and oropharynx), and positive lymph nodes
and nodes at levels IB (when nodes at level II were involved)
and II and the superior part of VA. CTV2 included lymph
nodes at levelsd, IV, and VB and the inferior part of VA as a
prophylactic irradiated volume. Each CTVwas automatically
expanded to generate the corresponding planning target
volume (PTV) with an isotropic 3mmmargin while assuring
the edge of the distribution was at least 2mm from skin. The
organs at risk (OAR), including pituitary gland, brainstem,
eyeballs, lens, optic nerves, spinal cord, temporomandibular
joints, inner ears, parotid glands, oral cavity, and larynx-
esophagus-trachea, were also delineated. In areas where the
target volume was adjacent to critical normal structures, the
margin was accordingly reduced. The CT images with the
contoured structures were transferred to the HT (Hi Art
TomoTherapy 2.2.4.1) workstation.

The planning dose at D95 was prescribed to pGTVnx
and pGTVnd at 70–74Gy, PTV1 at 60–62.7Gy, and PTV2 at
52–56Gy in 33 fractions. No more than 5% of PTV volume
received more than 110% of the prescribed dose. Based
on RTOG H-0022 protocol [16] and our own experiences,

Table 1: Distributions of patients according to the UICC 2002
staging system.

Stage N
0

N
1

N
2

N
3

Total
T
1

16 27 15 3 61
T
2

13 24 22 2 61
T
3

8 11 18 3 40
T
4

3 10 11 4 28
Total 40 72 66 12 190

Table 2: Patient’s characteristics.

Characteristics Patients
Number %

Age (median) 10–81 (44)
Male 144 75.8
Female 46 24.2
ECOG performance status

0 57 30.0
1 113 59.5
2 20 10.5

Pathology
WHO type I 3 2.5
WHO type II/III 118 97.5

UICC 2002 stage
I 16 8.4
IIa-b 64 33.7
III 71 37.4
IVa-b 39 20.5

the following dose-volume constraints for OARs were uti-
lized: (1) brainstem 𝐷max < 54Gy; (2) lens 𝐷max < 5Gy; (3)
optic nerve 𝐷max < 54Gy; (4) spinal cord 𝐷max < 45Gy; (5)
temporomandibular joint𝐷max < 60Gy; (6) inner ear𝐷max <
60Gy; (7) parotid glandV30< 50% or𝐷mean < 28Gy; (8) oral
cavity V40 < 30%; and (9) larynx-esophagus-trachea V40
< 30%. HT plans were developed based on a field width of
2.5 cm, a pitch of 0.30–0.38, and a modulation factor of 2.0–
3.0.

During HT therapy, patients underwent MVCT imaging
at least once every week to verify patient setup. The imaging
frequency was determined by the magnitude of setup errors
from initial daily scans. Since March 2009 MVCT image-
guidance was performed before each fraction of HT therapy.
Automatic and manual registration of the MVCT images
with the planning CT images was based on bony and tissue
anatomy. Radiation therapy was delivered once daily, 5 days
per week.

2.3. Chemotherapy and Anti-EGFR Monoclonal Antibody
Treatment (Table 3). Thirty-one patients were treated with
HT-based radiation therapy as the sole modality, 129 cases
received additional cisplatin-based chemotherapy with or
without concurrent anti-EGFR monoclonal antibody (Mab)
treatment, and 30 cases were treated with concurrent anti-
EGFR Mab therapy. Neoadjuvant chemotherapy consisted of
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Table 3: Chemotherapy and anti-EGFR monoclonal antibody
(Mab) treatment.

Chemotherapy
Concurrent anti-EGFR

Mab treatment Total
+ −

None 30 31 61
NACT∗ 1 5 6
CCT 22 26 48
ACT 21 14 35
NACT + CCT 0 10 10
CCT + ACT 2 24 26
NACT + CCT + ACT 1 0 1
NACT + ACT 3 0 3
Total 80 110 190
∗NACT: neoadjuvant chemotherapy, CCT: concurrent chemotherapy, and
ACT: adjuvant chemotherapy.

1-2 cycles of DP (docetaxel 75mg/m2, d1, cisplatin 80mg/m2,
d1 and every 3 weeks) or a single DDP regimen. According
to clinical stages, tolerance and economic status, concur-
rent chemotherapy, and/or anti-EGFR Mab treatment were
performed in one of four patterns: (1) cisplatin 80mg/m2,
d1, every 3 weeks; (2) docetaxel 60mg/m2, d1, and cis-
platin 60mg/m2, every 3 weeks; (3) cetuximab 250mg/m2
or nimotuzumab 200mg, d1, every week; (4) cetuximab
250mg/m2 or nimotuzumab 200mg, d1, every week and cis-
platin 80mg/m2, d1, every 3 weeks. Adjuvant chemotherapy
consisted of 4∼6 cycles of DP regimen. Nomore than 6 cycles
of chemotherapy (including neoadjuvant, concurrent, and
adjuvant patterns) were given for each patient.

2.4. Follow-Up. Acute side effects were investigated weekly
and peak toxicities were recorded. Acute and late side
effects were defined and graded according to the established
RTOG/EORTC criteria [17]. The preliminary response was
evaluated one month after the end of radiation therapy.
Patients’ follow-up examinations were conducted every 3
months for the first year and subsequently every 6 months
to evaluate therapeutic effects. The median follow-up was
32 months, ranging from 6 to 58 months from the begin-
ning of radiation therapy, with a follow-up rate of 100%.
Local relapse-free survival (LRFS), nodal relapse-free sur-
vival (NRFS), distant metastases-free survival (DMFS), and
overall survival (OS) were analyzed by the Kaplan-Meier
method. Different prognostic factors were analyzed by log-
rank test and the Cox proportional hazards model was used
formultivariate analysis.𝑃 < 0.05was considered significant.
The analyses were performed with the SPSS software package
(Version 19.0, SPSS Inc., Chicago, IL).

3. Results

3.1. Dosimetric Analysis. The average length of treatment in
the superior-inferior plane was 22.9 cm (17.0–28.7 cm) and
average beam-on time was 456.5 s (358.0–696.1 s). The mean

dose to pGTVnx, pGTVnd, PTV1, and PTV2 was 72.5 Gy,
72.3 Gy, 64.7 Gy, and 56.9Gy, respectively.

The delivered doses to OARs generally met the estab-
lished constraints. The mean dose to left and right parotid
gland was 31.0Gy and 30.8Gy, respectively. The mean
doses to bilateral temporomandibular joints, oral cavity,
and larynx-esophagus-trachea were less than 40Gy. The
maximumdose to brainstem and spinal cord was 54.6Gy and
41.2 Gy, respectively.

3.2. Acute and Late Side Effects. Radiation therapy, which
was complete in all 190 patients, was interrupted for 1 week
in four cases because of grade 3 acute skin toxicity; among
these patients, three were in the concurrent chemoradiother-
apy group (DTX-CDDP) and one in the radiation therapy
single modality regiment. Concurrent chemotherapy (DTX-
CDDP) was stopped after 1 cycle in a single patient due
to a grade 4 leucopenia. Drug doses were reduced in two
female patients because of a grade 3 leucopenia and a grade
3 pharynx-esophageal toxicity after 1 cycle of concurrent
chemotherapy (DTX-DDP). Acute radiation related side
effects were mainly of grade 1 or 2 in skin, oral mucosa,
salivary glands, and pharynx-esophagus. Grade 3 toxicities
were noted in six cases for skin, eight for mucosa, and
one for pharynx-esophagus. By the completion of radiation
therapy, patients lost 11.5% of their pretreatment weight on
the average, ranging from −0.2% to 25.0%. Distributions of
acute side effects in different treatment groups are shown in
the Table 4.

Fifty-one percent of cases underwent different degrees
of cutaneous dropsy in the maxillofacial region and 54.2%
of them recovered completely on the average of 5.8 months
after radiation therapy. Thirty-seven cases underwent otitis
media, of which ten needed surgical treatment. Fifty-seven
patients (𝐷mean of inner ear was 48.1 Gy) suffered from grade
1 to 2 hearing loss. Twenty patients had a difficulty in opening
mouth (𝐷mean of temporomandibular joints was 40.3 Gy).
Two patients complained of tooth looseness. Two patients
underwent radioactive pulpitis which was treated by surgical
operation. Six patients reported a diminished sense of taste.
Xerostomia was slowly restored with passing of time. No
grade 2 ormore xerostomiawas noted one year after radiation
therapy.

3.3. Patterns of Failure (Table 5). One month after radiation
therapy, evaluation of primary lesions showed 95 complete
responses (CR), 88 partial responses (PR), and 7 stable
diseases (SD); evaluation for involved lymph nodes in 149
patients showed 84CR, 61 PR, and 4 SD, with a remission rate
of 96.3% and 97.3% for primary lesions and involved lymph
nodes, respectively. No progressive disease (PD) was noted.

Eight patients (70Gy/33 F to pGTVnx) had a patho-
logically confirmed recurrence in the primary site with a
median follow-up of 14.1 months (5–34 months). Two cases
(T1N0M0, T1N2M0) were then treated with local conformal
radiation therapy (70Gy/35 F) with a good tolerance, but the
T1N0M0 patient died of local hemorrhage in 22 months after
recurrence, and the other one was still alive after 3 months.
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Table 4: Acute radiation related toxicities.

Acute toxicities Grade 0 (%) Grade 1 (%) Grade 2 (%) Grade 3 (%) Grade 4 (%)
Skin reaction 7 (3.7) 137 (72.1) 37 (19.5) 9 (4.7) 0 (0)
Mucositis 4 (2.1) 72 (37.9) 108 (56.8) 6 (3.2) 0 (0)
Xerostomia 9 (4.74) 100 (52.63) 81 (42.63) 0 (0) 0 (0)
Esophagitis-tracheitis 7 (3.7) 83 (43.7) 99 (52.1) 1 (0.5) 0 (0)
Leucopenia 86 (45.3) 42 (22.1) 50 (26.3) 10 (5.3) 2 (1.0)
Anemia 175 (92.1) 14 (7.4) 1 (0.5) 0 (0) 0 (0)
Thrombocytopenia 180 (94.7) 7 (3.7) 2 (1.1) 1 (0.5) 0 (0)

Table 5: Distributions of failure cases.

Patterns of failure Numbers of patients Total (𝑛, %)
Alive Died

Local recurrence 2 6 8 (25.8)
Nodal recurrence 1 2 3 (9.7)
Distant metastasis 3 10 13 (41.9)
Pharyngeal bleeding 0 5 5 (16.1)
Others 0 2 2 (6.5)
Total (𝑛, %) 6 (19.4) 25 (80.6) 31 (100)

One patient (T4N1M0) with an intracranial relapse received
palliative surgical resection and is still alive. The remaining
five cases had only supportive treatment and died of local
hemorrhage in an average of 4.4 months (1–7 months) after
relapse.

Three patients (T4N1M0, two T3N2M0 cases) had nodal
recurrence with a median follow-up of 16 months (10–24
months). Two cases underwent surgical resection, among
them the T4N1M0 patient died of second relapse 12 months
after the surgical operation, and the other one is currently
alive for more than 6 months. The other T3N2M0 case
underwent 4 cycles of salvage chemotherapy and local I125
seeds implantation anddied of uncontrolled tumor 10months
later.

Thirteen patients (five stage II, five stage III, and three
stage IV, resp., all had been N+) had distant metastasis in a
median follow-up of 17.9 months (3–38 months). Three cases
with multiple liver metastases had no salvage chemotherapy
and died of respiratory and circulatory failure in a median
of 3.7 months (1–5 months) after relapse. Five patients had
bone metastases, among them one case (T2aN1M0) with
multiple bone metastases had 6 cycles of chemotherapy
with a life prolongation for 31 months but died of tumor
progression later and two cases (T3N1M0, T2N2M0) with
multiple bonemetastases had a rapid disease progression and
died 3.5 months later; two other cases had a single spinal
metastasis; one (T2bN1M0) of them received surgery and
chemotherapy but died of tumor diffusion 35 months after
metastasis discovery and the other one (T4N1M0) received
local IMRT (60Gy/30 F) and is still alive for 10 months
without disease progression. One patient (T4N1M0) with
pathologically confirmed intramedullar metastasis leading to
paralysis received local radiation therapy (40Gy/20 F) and
intrathecal chemotherapy and is still alive for 12 months.

Four patients had multiorgan metastasis; one case (T1N1M0)
died 1 month later, two cases (T1N2M0, T3N1M0) received
chemotherapy and died of respiratory and circulatory failure
12 months (7 and 17 months) after metastasis discovery, and
the remaining case (T2bN1M0) had just received chemother-
apy and radiation therapy for one month and is still alive.

Five patients (three T4, one T3, and one T2b) died of
unexplained pharyngeal bleeding in an average follow-up of
8 months (6–12 months). One patient (T4N3aM0) died from
a sudden onset of acute brain herniation (an intracranial
metastasis could not be excluded) 9 months after radiation
therapy. One 76-year-old patient (T1N1M0) had a persistent
pharyngeal ulcer and died of exhaustion 12 months after
radiation therapy alone.

3.4. Survival Analysis. For the cohort of this study, the 3-
year local relapse-free survival (LRFS), nodal relapse-free sur-
vival (NRFS), distant metastases-free survival (DMFS), and
overall survival (OS) were 96.1%, 98.2%, 92.0%, and 86.3%,
respectively (Figure 1). Three-year follow-up is completed in
74 patients.

Univariate analysis (Table 6) showed that age affected 3-
year LRFS (𝜒2 = 4.046, 𝑃 = 0.044), T stage affected 3-year
NRFS (𝜒2 = 11.293, 𝑃 = 0.010), age and N stage affected 3-
year DMFS (𝜒2 = 6.063, 𝑃 = 0.014; 𝜒2 = 8.160, 𝑃 = 0.043),
and age andT stage affected 3-yearOS (𝜒2 = 6.791,𝑃 = 0.009;
𝜒
2
= 10.218, 𝑃 = 0.017). In locally advanced tumors (stages

III-IV), cisplatin-based chemotherapy in different periods
affected 3-year LRFS and DMFS (𝜒2 = 9.88, 𝑃 = 0.002;
𝜒
2
= 9.88, 𝑃 = 0.002). Cox multivariate regression analysis

showed that age and T stage were independent predictors for
3-year OS (HR = 2.981, 95% CI = 1.201–7.400, 𝑃 = 0.019;
HR = 1.620, 95% CI = 1.061–2.474, 𝑃 = 0.026).

4. Discussion

IMRT has the ability to deliver high doses of radiation to
the target structures while sparing adjacent bystander healthy
tissues and has now become the preferred radiation therapy
modality. Recent clinical studies showed that IMRT improved
local control compared with 2DCRT in NPC [10, 11]. HT
is a novel form IMRT with a 6MV linear accelerator pro-
ducing a fine beam modulated multileaf collimator. Patients
are translated through the bore synchronized with gantry
rotation [18]. The technique allows greater conformity of
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Figure 1: Kaplan-Meier estimate of local relapse-free survival (LRFS), nodal relapse-free survival (NRFS), distant metastases-free survival
(DMFS), and overall survival (OS) rates.

radiation dose to tumor volumes that are in close proximity to
critical structures, such as those seen inNPC. In our study the
average beam-on time was 456.5 sec, at least 5min less than
that of LINAC-based step-and-shoot IMRT. Our previous
dosimetric study of 10NPC patients found that HT had a
better dose homogeneity, steeper gradient, and a reduction
for delivered dose tomanyOARs in comparisonwith LINAC-
based step-and-shoot IMRT [19]. Lee et al. [20] saw similar
results when comparing HT plans to those of step-and-shoot
IMRT in 20NPC patients. In addition, they found that the
actual treatment time was 8.1 ± 0.6min (range: 6.7–10.5min)
comparedwith the simulated treatment time of 13.9±1.3min
(range: 11.2–16.7min) in step-and-shoot IMRT (𝑃 < 0.001).
Fiorino et al. [21] compared HT plan with that of LINAC-
based IMRT using dynamic MLC technique in six patients
with locally advanced NPC. They found that the mean dose
to the parotids decreased from 30.1 Gy for LINAC-based
IMRT to 25.0Gy for HT. Lu et al. [22] showed that HT plans
provided a better conformity index than VMAT and IMRT,
with a similar parotid sparing effect compared with VMAT

but better than IMRT. However, randomized clinical studies
are needed to confirm the superiority of HT. At our center,
the whole parotid gland is contoured, and before May 2009
the dose constraint was defined as V30 < 50%. Consequently,
the parotid glands received a higher dose (𝐷mean = 31.0Gy for
left parotid gland,𝐷mean = 30.8Gy for right parotid gland) in
this study. After May 2009 we changed the dose constraint to
𝐷mean < 28Gy. In this study, the incidence of submandibular
edema was high. The reason may be that HT projects doses
from 360 degrees resulting in a larger low-dose subcutaneous
region.

Intergroup 0099 established the role for chemoradiother-
apy in the treatment of NPC [23]. Concurrent chemora-
diotherapy followed by adjuvant chemotherapy is still the
standard of care for locoregionally advanced NPC. The
role of induction chemotherapy in addition to concurrent
chemotherapy remains to be defined and is currently not the
standard of care. Four meta-analyses investigating the incor-
poration of chemotherapy with radiation therapy in NPC
have been published. All demonstrated that chemotherapy
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was beneficial over radiation therapy alone, with the primary
benefit seen with concurrent chemotherapy scheduling [24–
27]. The Meta-Analysis of Chemotherapy in Nasopharynx
Carcinoma (MAC-NPC) meta-analysis performed through
the Cochrane Review system was the only meta-analysis
for which individual patient data from eight randomized
trials was analyzed. This study found that chemotherapy
provided a 6% absolute survival benefit at 5 years and an
event-free survival benefit of 10% at 5 years. Importantly,
timing was highly significant with OS (𝑃 = 0.005), with
concurrent chemoradiotherapy providing the majority of the
benefit in survival [26]. In our cohort, univariate analysis
confirmed that cisplatin-based chemotherapy in different
periods improved 3-year LRFS and DMFS in stage III-
IV patients (𝑃 = 0.002 and 𝑃 = 0.002, resp.). How-
ever, chemotherapy—especially concurrent chemotherapy—
increases the incidence of treatment-related side effects
resulting in a poor treatment compliance of only 60%∼70%.
In the study of Lee et al. [28], despite a statistically significant
reduction in deaths because of cancer progression, the gain
in the OS was not statistically significant because deaths
due to toxicity or incidental causes increased by concurrent-
adjuvant chemotherapy in locally advanced NPC patients. In
our study, acute radiation related side effects were mainly
grade 1 or 2. Grade 3 and greater toxicities were rarely noted
(Table 4). In our cohort, eighty-five patients were treatedwith
concurrent chemoradiotherapy (with or without anti-EGFR
Mab treatment); only one case did not finish chemotherapy
and two other cases needed a reduction of drug dosewhile the
other patients (96.5%) fully finished the treatment protocol.
This can be explained by a strict patient screening and lower
drug doses. Kodaira et al. [13] also studied the feasibility
of HT in 20NPC patients among whom 90% received a
concurrent chemotherapy; the incident of grade 3 or more
leucopenia, skin reaction, and stomatitis (45%, 40% and 55%,
resp.) were higher than that noted in our study. In comparison
with the outcomes of IMRT for NPC in different centers
listed in Table 7, our outcome is comparable with the 3-
year locoregional relapse-free survival or DMFS of more
than 90% and OS more than 80%, but a long-time follow-
up is needed to confirm the long-term outcome. Univariate
analysis showed that age affected 3-year LRFS, T stage affected
3-year NRFS, age and N stage affected 3-year DMFS, and age
and T stage affected 3-year OS. Cox multivariate regression
analysis showed that age and T stage were independent
predictors for 3-year OS.

In recent years, the successful application of molecular-
targeted drugs, particularly anti-EGFRMab (including cetux-
imab and nimotuzumab), has allowed a new choice in the
concurrent therapy in head and neck cancer treatment [30–
33]. Bonner et al. [30] showed significant survival benefits for
nonnasopharyngeal head and neck cancer when cetuximab
was added to radiation therapy in a phase III trial. Chan et al.
[31] reported the outcome of a multicenter phase II study
where cetuximab in combination with carboplatin was
administrated to 60 recurrent or metastatic NPC patients
after failure with initial cisplatin-based chemotherapy, with
7 PR (11.7%) and 29 SD (48.3%). Huang et al. [32] reported
that nimotuzumab in combination with radiation therapy

was effective and well tolerated for locally advanced NPC
in a multicenter phase II trial. In our cohort, fifty-five
patients (28.9%) had an anti-EGFR Mab treatment as the
only concurrent therapy and noted an incidence of acute
side effects comparable with the patients receiving radiation
therapy alone, but no benefit was detected by statistical
analysis for stage III-IV patients, so the doubt concerning the
effect of anti-EGFR Mab in comparison with chemotherapy,
especially when it is added to concurrent chemoradiotherapy,
needs to be clarified by long-term clinical observation.

Through the analysis of failure cases in our cohort, we
could see that a high percentage of failures were local recur-
rence (8 of 31 total failures). There may be two main reasons.
First, the radiation dose may have been insufficient; five T2b-
T4 cases with relatively large GTV volumes had an in-field
recurrence (two cases with anti-EGFR Mab, one case with
anti-EGFR Mab and adjuvant chemotherapy, and two cases
with concurrent and adjuvant chemotherapy), suggesting the
need for a higher radiation dose. Since September 2011, we
have increased the pGTVnx dose from 70Gy in 33 fractions
to 67.5Gy in 30 fractions, hoping to improve the local
control by raising fractional dose. Second, the GTVnx-to-
pGTVnx margin may have been too narrow; except in-field
failure, three cases developed marginal recurrence. Ng et al.
[8] analyzed the failure patterns in 193 stage III-IV NPC
patients treated with IMRT and found that 3 of 16 local
failures were marginal. We believed that this was most likely
due to the small GTVnx-to-pGTVnx expansion margin and
the setup error which was not corrected by daily MVCT
image-guidance. Therefore, since March 2009, the GTVnx-
to-pGTVnx margin was increased from 3mm to 5mm and
daily pretreatment image-guidance was performed in our
center. Thereafter, the marginal failure declined from 3.8%
(two among fifty-three cases) to 1.1% (one among ninety-
five cases). However, statistical analysis failed to detect a
significant difference between the two treatment strategies for
3-year LRFS, probably because of the low overall probability
of the marginal failure.

In NPC, appropriate salvage therapy can achieve radical
cure or prolong survival after locoregional failure or distant
metastasis. Zhou et al. [34] reirradiated 53 locally recurrent
patients with IMRT (67.9Gy) combined with cisplatin-based
chemotherapy.Their 2-year OS and progression-free survival
were 58.7% and 52.3%, respectively; but reirradiation caused
severe stomatitis and bleeding and 10 cases (45.5%) died of
bleeding among all 22 deaths. Goto et al. [35] using HT with
concurrent chemotherapy reirradiated 50 locally recurrent
patients and got similar results. In addition, salvage surgery
and chemotherapy are also effective treatments. Chang et al.
[36] reported 38 primary recurrent NPC patients who under-
went salvage surgery with curative intention via the facial
translocation approach, with the 3-year OS and LCR of 60%
and 72.8%, respectively. Chan et al. [31] conducted a phase
II study using C225 in combination with carboplatin in
patients with recurrent or metastatic NPC, with the PR and
SD of 11.7% and 48.3%, respectively. In our cohort, patients
with locoregional recurrence or metastasis receiving salvage
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therapy survived 16months longer than thosewithout salvage
therapy (𝑃 = 0.006), showing the significance of salvage
treatment in recurrent or metastatic NPC.

In our cohort, lethal pharyngeal hemorrhage took a
relatively high proportion among all failures (five of thirty-
one). Nasal cavity and nasopharyngeal bleeding with little
volume,which is easy to control, is a common complication of
radiation therapy. However, all our five cases had T3-4 stage
tumors with carotid artery invasion. Due to acute onset, these
patients lost rescue time and local tumor recurrence could
not be excluded. Since January 2011, we have advised the
patients with bleeding risk to refrain from strongly blowing
their noses; in no case has a patient died of hemorrhage since.

5. Conclusions

Helical tomotherapy for NPC patients achieved excellent 3-
year locoregional control, distant metastasis-free survival,
and overall survival, with relatively minor acute and late
toxicities. Age and T stage were the main prognostic factors.
Preventive measures against pharyngeal bleeding are needed
in patients with carotid artery invasive tumor.
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Background. We evaluated the anatomic location of the external anal sphincter (EAS) to pelvic bony landmarks related to 3-
dimensional conformal radiotherapy (3DRT) and studied the dosimetric coverage of the EAS in patients undergoing neoadjuvant
chemoradiation for rectal cancer.Methods. Sixty-four consecutive rectal cancer patients treated with neoadjuvant chemoradiation
were included. All patients were treated in a prone position on a bellyboard by 3DRT. The inferior border of the RT fields was at
least 3–5 cm inferior to the gross tumorous volume (GTV) or at the inferior border of the obturator foramen (IBOF), whichever
was more inferior. The EAS was contoured and dose distributions were determined using dose-volume histograms. Results. In 53
out of 64 cases (82.8%), the EAS was completely inferior to the IBOF. In the remaining 11 cases, the EAS was either overlapping the
IBOF (10 cases; 15.6%) or completely superior to the IBOF (1 case; 1.7%).The average mean dose delivered to the EAS was 2795 cGy.
Lower mean doses were delivered to the EAS when the center of the EAS was located more distant from the GTV. Conclusions.
Meticulous planning to define the inferior border of the RT field is recommended to avoid irradiating the EAS.

1. Introduction

Neoadjuvant chemoradiation (CRT) followed by surgical
intervention is recommended for patients with stage II or III
rectal cancer. Compared to postoperative CRT, neoadjuvant
CRT is associated with a significantly reduced local recur-
rence, reduced treatment-related acute and chronic toxicity,
and an increased rate of sphincter preservation [1]. Although
treatment-related toxicitywas reduced, neoadjuvant CRT still
caused 40% acute and 24% chronic grade 3 or 4 toxicity.
Recently, Bruheim et al. compared patients without a stoma
who were treated by pre- or postoperative CRT or radiother-
apy (RT) to patients who had surgery alone. The study con-
firmed that patients who had CRT or RT experienced signif-
icantly poorer long-term effects on anorectal function, espe-
cially in terms of bowel frequency, urgency, and fecal incon-
tinence, which negatively impacted their quality of life [2].

The design and delivery of pelvic RT for patients with
rectal cancer are based on the anatomic location of the
cancer, the pathways of lymphatic spreading, and patterns
of cancer recurrence. Techniques including multiple-field RT
and placing the patient in a prone position are generally used
to reduce RT toxicity to the small intestine [3]. To define RT
fields, margins from primary cancer are included to make
sure the targets are well covered. General guidelines indicate
that the inferior border of the RT field should be at least 3 to
5 cm inferior to the primary tumor or at the inferior border
of the obturator foramen (IBOF), whichever is more inferior
[4]. Depending on the location of the primary tumor and its
anatomic relation to the external anal sphincter (EAS), the
EAS could be located within, at the border of, or outside the
RT fields.

Rectal sensation, rectal storage capacity, and sphincter
pressure determine normal anorectal continence. The EAS
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Figure 1: A bellyboard with a patient lying in a prone position is
used to spare the intestine from RT. Red: gross tumor.

is the muscle that contracts to prevent stool or air from
leaving the rectum.Although the oncologic benefit of treating
rectal cancer with RT is confirmed, the functional impact
on the EAS related to dosimetric coverage of the radia-
tion remains undetermined. We hypothesized that standard
three-dimensional RT (3DRT) for patients with rectal cancer
would inevitably deliver certain doses of radiation to the EAS,
which could contribute to long-term anorectal dysfunction.
The purpose of this study was to define the anatomic location
of EAS relative to the pelvic bony landmarks by 3DRT.
Secondly, dosimetric coverage of the EAS was determined in
patients with rectal cancer in varied locations.

2. Materials and Methods

The data from 64 consecutive stages I, II, and III rectal
cancer patients undergoing neoadjuvant CRT at City of Hope
Medical Center were analyzed retrospectively. The study
was approved by the Institutional Review Board at City of
Hope Medical Center. The CT simulation imaging and RT
dosimetric plans of each patient were analyzed to define the
anatomic location of EAS related to the IBOF. In addition,
the radiation dosimetric coverage of the EAS by 3DRT was
determined in each case.

The patients were treated between June 2006 and March
2012. The criteria for analysis included patients with invasive
rectal cancer, stage II, stage III, or low-lying stage I, who
were treated with 3DRT that was designed to encompass the
gross cancer in the rectum with margins and regional lymph
nodes. All patients underwent CT scan simulation from L2
vertebral body to proximal femur at 3mm slice thickness in a
prone position on a bellyboard (Figure 1). Barium sulfate was
infused in the rectum and radiopaque markers were placed
at the anal verge prior to simulation. The CT simulation
study was transferred to a treatment planning workstation
(Varian Eclipse Treatment Planning System V10.0, Varian

Medical Systems, Palo Alto, CA).The gross tumorous volume
(GTV) in the rectum was identified and contoured. Three-
field (posterior-anterior and laterals) or four-field (posterior-
anterior, anterior-posterior, and laterals) RT techniques were
used. For posterior-anterior and anterior-posterior fields, the
superior border was at the L5/S1 junction, the lateral borders
were at 1.5 to 2 cm lateral to the widest bony margin of the
true pelvic side walls, and the inferior border was at least 3 to
5 cm inferior to the primary tumor or at the IBOF, whichever
was more inferior. For lateral fields, the posterior border was
at aminimumof 1.5 cmposterior to the posterior aspect of the
sacrum and the anterior border was at the posteriormargin of
the symphysis pubis for T3 lesions and the anterior margin of
the symphysis pubis for T4 disease.The superior and inferior
borders were the same as defined in the posterior-anterior
and anterior-posterior fields. Appropriate corner blocks were
used to spare the muscle and soft tissues behind the sacrum
and inferior to the symphysis pubis and intestine superiorly
and anteriorly in the pelvis from unnecessary RT dose. The
RT dose was calculated at the isocenter of the multiple fields
and delivered at 180 cGy per fraction per day, five days a
week, up to a total dose of 4,500 cGy in five weeks. This was
followed with a tumor boost of 540 to 900 cGy at 180 cGy
per fraction to cover GTV plus a 2-3 cm margin by opposed
lateral fields or a three-field technique. A 10MVphoton beam
was employed to deliver the RT. The EAS was retrospectively
contoured in each case by a certified medical dosimetrist and
later confirmed by a radiation oncologist and the volume
was measured. The anatomic relationship between the EAS,
IBOF, inferior RT field border, and inferior GTV edge was
evaluated. The distances from the center of the EAS to the
IBOF, the center of the EAS to the inferior GTV edge, and
the center of the EAS to the inferior border of the RT
field were measured. Dose-volume histograms were used to
measure the RT dosimetric coverage of the EAS, including
the mean, maximum, and minimum doses. The standard
one-way analysis of variance (ANOVA) (𝑡-test) was used to
compare the significance of the differences.

3. Results

Characteristics of the patients are shown in Table 1. Of 64
consecutive patients, three had stage I, 11 had stage II, and 50
had stage III diseases. The inferior edge of the GTV ranged
between 9 cm superior to and 1 cm inferior to the anal verge,
with the average being 4.1 cm superiorly. Fifty-five (86%)
patients received 5040 cGy and 9 (14%) received 5400 cGy.

The EAS was identifiable in all cases and was contoured
in the planning CT scans. The mean EAS volume was 5.1 ±
1.9 cm3 (range, 1.3–11.2 cm3). On average, the center of the
EASwas 19±12mm inferior to the IBOF. In 53 out of 64 cases
(82.8%), the EAS was completely inferior to the IBOF. In the
remaining 11 cases (17.2%), the EASwas either overlapping the
IBOF (10 cases; 15.6%) or completely superior to the IBOF (1
case; 1.6%).

On average, the center of the EAS was 39 ± 22mm
inferior to the lowest edge of the GTV, ranging between
90mm inferior to and 6mmsuperior to the lowest edge of the
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Table 1: Characteristics of the patients.

Characteristics Number
Number of patients 64
Staging

T2N0 3
T2N1 2
T3N0 9
T3N1 45
T3N2 2
T4N0 2
T4N1 1

GTV to anal verge
Mean 4.1 cm
Range −1 to 9 cm

RT dose
5040 cGy 55
5400 cGy 9

GTV.On average, the center of the EASwas 2±7mmsuperior
to the inferior border of the RT field, ranging between 42mm
inferior to and 27mm superior to the inferior border of the
RT field. In 19 cases (30%), the EAS was completely outside
of the inferior border of the RT field. The average mean dose
delivered to the EAS was 2795 cGy (range, 245–5441 cGy).
Lower mean doses delivered to the EAS were noted for cases
that had larger distances from the center of the EAS to the
GTV inferior border (Figure 2). The average mean dose
delivered to the EAS for cases with a distance more than 4 cm
was 1264 ± 993 cGy, and for a distance less than 4 cm it was
4045 ± 1087 cGy (𝑃 < 0.00001). For cases where the center
of the EAS was located more than 5mm inferior to the field’s
inferior border, the mean EAS dose was 607 cGy. In contrast,
for cases where the center of the EAS was located more than
5mm superior to the field’s inferior border, the mean EAS
dose was more than 4000 cGy (𝑃 < 0.00001, Figure 3). A
typical case showing the anatomic relationship between the
EAS, GTV, and pelvic bony landmarks for RT is illustrated in
Figure 4. Please note that in this case the EAS was completely
distal to IBOF.

4. Discussion

To our knowledge, this is the first study to define the anatomic
location of the EAS relative to pelvic bony landmarks by
3DRT in a prone position setup. This is also the first study to
summarize the dosimetric coverage of EAS for patients with
rectal cancer treated by 3DRT. Our data indicate that in all
cases the EAS was identifiable in CT scans. In 82.8% of cases,
the EAS was completely located inferior to the IBOF, which
means, inmajority of cases, that the EAS could be spared from
unnecessary radiation exposure if the lower edges of the field
were set at IBOF.

While the oncologic benefits of neoadjuvant pelvic RT for
patients with rectal cancer have been confirmed by several
randomized studies [1, 5, 6], there are only a few studies
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Figure 4: A typical case showing the anatomic relationship between
the EAS, GTV, and pelvic bony landmarks for RT; solid red: GTV;
magenta: EAS.
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addressing the impact of RT on anorectal function. Certainly,
cancer per se and surgery alone, such as total mesorectal
resection, can compromise normal anorectal function and
cause different levels of fecal frequency, urgency, inconti-
nence, or emptying difficulties [7, 8]. It is generally believed
that neoadjuvant RT could contribute a negative impact on
anorectal function as well.Through a questionnaire survey by
the Swedish Rectal Cancer Trial, compared to surgery-alone
group, patients with preoperative short-course irradiation
(5Gy × 5) had a significantly worsened long-term bowel
function including increasing bowel frequency, incontinence
for loose stools, urgency, and emptying difficulties [9]. In
addition, irradiated patients more commonly required a
stoma later because of poor anorectal function after surgery.
More importantly, 30% of irradiated patients reported an
impaired social life that was related to bowel dysfunction,
compared to 10% of the surgery-alone group.

In another questionnaire survey by Peeters et al. from the
Dutch Colorectal Cancer Group Study [10], patients reported
considerable long-term adverse effects of preoperative RT by
5Gy × 5 on anorectal functional outcome. Compared with
nonirradiated patients, irradiated patients had increased rates
of fecal incontinence (62% versus 38%), had to wear a pad
due to incontinence (56% versus 33%), and experienced anal
blood loss (11% versus 3%) and mucus loss (27% versus 15%).
In addition, satisfactionwith bowel functionwas significantly
lower in the irradiated group. While, from a radiobiological
point of view, one can argue larger fraction size, 5 Gy per
treatment, could be the reason for poorer chronic side effects,
more recently, Bruheim et al. from Norway reported consid-
erable long-termdetrimental effects on anorectal function for
patients receiving conventional long-course RT (2Gy × 25 or
1.8 Gy × 28) [2]. In patients without a stoma, with a median
time of 4.8 years since surgery, compared to patients who
had surgery alone, a higher proportion of irradiated patients
were incontinent for liquid stools (49% versus 15%), needed
a sanitary pad (52% versus 13%), and lacked the ability to
defer defecation (44% versus 16%). Poorer global quality of
life and social function were also noted for these irradiated
patients.

Indeed, irradiating normal structures could cause endo-
vascular injury and overproduction of fibrogenic cytokines,
such as transforming growth factors, which could lead to
radiation-induced fibrosis as an end result [11]. Specifically,
there has been quantitative evidence confirming sphincter
dysfunction frompelvic RT for cervical, prostate, and anorec-
tal cancers [12–16]. It is generally believed that anal canal
pressure, especially basal resting pressure, could be reduced
significantly by RT compared to baseline preirradiated state.
In a prospective study for patients with mid and low rectal
cancer, Ammann et al. compared anorectal manometric
values before and after surgery [16]. Anorectal manome-
try was performed preoperatively and at a median of 383
days postoperatively. The mean resting pressure for patients
with neoadjuvant CRT decreased significantly from 89 ±
35mmHg preoperatively down to 53 ± 17mmHg postop-
eratively. In contrast, no statistically significant manometric
differences occurred before and after surgery for patients
who underwent surgery alone. Therefore, shielding of the

anal sphincter was recommended whenever a sphincter-
preserving procedure was considered.

Radiation portals for patients with rectal cancer are
generally defined by anatomic locations of cancer, lymphatic
pathways of drainage, and patterns of locoregional cancer
recurrence. Reviewing patterns of failure in 75 rectal cancer
patients using second or symptomatic look operations follow-
ing curative surgery, Gunderson and Sosin found that local
failure and/or regional lymph node metastases occurred as
the only failure in nearly 50% of the failure group [17]. The
benefits of radiation treatment were suggested, and, based on
failure patterns, appropriate radiation portals were defined.
Specifically, it was suggested that the inferior border of the
field be set at 3 to 5 cm inferior to the primary tumor or at
the IBOF, whichever was more inferior [4, 17]. The current
standard is to use a multiple beam setup and the borders of
the fields are determined based on the anatomic locations of
cancer and pelvic bony landmarks.

With the increasing need to implement target-directed
RT for better results, recently, consensus on structures that
should be included in the target volume for patients with
rectal cancer has been defined [18, 19]. Based on the recur-
rence data from a systematic review of 18 studies, Roels
et al. concluded that the primary tumor, the mesorectum,
and the presacral and internal iliac nodal areas should
be covered in all cases [18]. With respect to the inferior
extent of the target volume it is agreed that a minimum
of 2 cm inferior to the gross disease is needed and the
entire mesorectum to the pelvic floor should be included
even for cases with upper rectal cancer [19]. Mesorectum is
the mesentery with lymphovascular and neural structures
supporting and connecting the midupper portion of the
rectum with the sacrum. It is cylindrical in shape starting
at the level of sacral promontory and ending at the level
where the levator ani muscle meets with the rectal wall.
For patients with positive pelvic lymph nodes, by systematic
review, the mesorectal lymph nodes were involved in up to
87% of the cases [18]. After evaluating surgical specimens in
311 consecutive patients with colorectal cancer, Morikawa et
al. reported that no lymphatic metastasis was noted more
than 4 cm distal to the tumor in the mesorectum [20]. To
define the inferior border of RT fields, in addition to the
anatomic location of the primary tumor and the extent of
mesorectum, the internal iliac lymph nodes, specifically the
areas with obturator lymph nodes, need to be taken into
consideration. Inferiorly, it is recommended to include the
obturator lymph nodes till the level where the obturator
artery enters the obturator canal [18]. In any case, because
the EAS is located inferior to the levator ani and in the
current study in 98.4% of cases the EASwas either completely
inferior to (82.8%) or overlapping with (15.6%) the IBOF,
theoretically, fields of 3DRT should be designed to spare the
EAS for mid/upper rectal cancer where there is no evidence
of EAS cancerous involvement. Of note, for cases in this study
that had the tumor locatedmore than 4 cmabove the EAS, the
EAS was spared from unnecessary radiation (average mean
dose 1264 cGy) in the majority of cases, even though the
EAS was not identified in the original RT planning. If the
EAS was identified and RT plans were designed to avoid it,
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Figure 5: A patient with a rectal cancer located 2.7 cm above the EAS. (a) The original RT field covered 4 cm inferior to the gross tumor. (b)
The EAS can be spared from radiation treatment easily by reducing the inferior border superiorly by 2 cm. (c) Axial CT image through the
EAS shows that no draining lymph nodes need to be covered. (d) Coronal scout view shows the level of axial image (red line). Solid red: gross
tumor; green: EAS.

it is likely that the dose of RT to the EAS would be even
lower in such a patient population. For cases where the tumor
is located within 4 cm of the EAS, given that margins are
needed to add to clinical target volume to account for setup
variation, it will not be easy to spare EAS by conventional
3DRT. However, with daily image guidance to reduce the
need of adding planning target margins and by designating
the EAS as an avoidance structure, sparing the EAS from
RT would be possible in certain cases that have the cancer
located 2 to 4 cm superior to EAS (Figure 5). Apparently, if
the cancer is within 2 cm of the EAS, or an abdominoperineal
resection is planned after neoadjuvant CRT, the EAS should
be considered as part of RT targets and covered.

One of the limitations of the current study is that we
were not able to define the internal anal sphincter by the CT
scans. It is essential to point out that while sparing the EAS
from unnecessary RT is recommended when it is feasible,
the cephalad extent of the internal anal sphincter is at the
level of the caudad extent of the mesorectum and, therefore,
at least the upper portions of the internal anal sphincter will
inevitably be included in the RT fields. Another limitation is

that the correlation between RT dose distribution to the EAS
and anal-rectal dysfunctionwas not studied, whichwill be the
focus of our future studies.

5. Conclusions

In summary, we have evaluated the anatomic location of the
EAS to pelvic bony landmarks related to 3DRT and studied
the dosimetric coverage of the EAS in patients undergoing
neoadjuvant CRT for rectal cancer. 3D planning under CT
guidance allows accurate delineation of the EAS. In 82.8% of
patients, the EAS is located completely inferior to the IBOF.
Because RT can cause anorectal dysfunction, meticulous
planning to define the inferior border of the RT field is
recommended to spare the EAS.

Abbreviations

EAS: External anal sphincter
3DRT: 3-Dimensional conformal radiotherapy
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GTV: Gross tumorous volume
IBOF: Inferior border of the obturator foramen
CRT: Chemoradiation
RT: Radiotherapy.
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Neoadjuvant chemotherapy (NAC) is widely used in locally advanced breast cancer (BC) treatment. The role of postmastectomy
radiotherapy (PMRT) after NAC is strongly debated. The aim of our analysis was to identify major prognostic factors in a single-
center series, with emphasis on PMRT. From 1997 to 2011, 170 patients were treatedwithNACandmastectomy at our center; 98 cases
(57.6%) underwent PMRT and 72 cases (42.4%) did not receive radiation. At a median follow-up period of 7.7 years (range 2–16) for
thewhole cohort,median time to locoregional recurrence (LRR)was 3.3 years (range 0.7–12.4).The 5-year and 10-year actuarial LRR
rate were 14.5% and 15.9%, respectively. At the multivariate analysis the factors that significantly correlated with survival outcome
were ≥4 positive nodes (HR 5.0, 1.51–16.52; 𝑃 = 0.035), extracapsular extension (HR 2.18, 1.37–3.46; 𝑃 = 0.009), and estrogen
receptor positive disease (HR 0.57, 0.36–0.90; 𝑃 = 0.003). Concerning LRR according to use of radiation, PMRT reduced LRR
for patient with clinical T3 staged disease (𝑃 = 0.015). Our experience confirmed the impact of pathological nodal involvement
on survival outcome. PMRT was found to improve local control in patients presenting with clinical T3 tumors, regardless of the
response to chemotherapy.

1. Introduction

Neoadjuvant chemotherapy (NAC) is widely used in locally
advanced breast cancer (BC) treatment. It is increasingly used
in women with early stage disease [1]. It allows the clinicians
to observe tumor response andmodify radiotherapy plan [2].
Adjuvant therapeutic strategies for patients who underwent
NAC do not differ substantially from patients treated with
upfront surgery [3–6]; nevertheless, the role of postmastec-
tomy radiotherapy (PMRT) after NAC is strongly debated.
Moreover there is a lack of prospective trials in this treatment
setting.

In an era of “tailored treatment,” additional data are
needed for patients who receive this treatment sequence
to determine which subsets of patients can benefit from
radiation [7].

The aim of our analysis was to identify major prognostic
factors in a single-center series of advanced BC patients
receiving NAC, with emphasis on the role of PMRT.

2. Materials and Methods

2.1. Patient Population. From 1997 to 2011, 226 patients were
treated with NAC and mastectomy at the University of
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Florence Radiotherapy Unit (Florence, Italy). Previous solid
tumors, age less than 18, and BC recurrences or contralateral
tumor were considered exclusion criteria of the study. To
minimize bias, all patients with disease recurrence within 2
months after surgery, completion of adjuvant chemotherapy,
and aminimum follow-up period shorter than 6monthswere
excluded from analysis. We retrospectively reviewed a series
of 170 BC patients who received NAC and mastectomy; 98
cases (57.6%) underwent PMRT and 72 cases (42.4%) did not
receive radiation. Informed consent was obtained from all
patients.

In ourmultidisciplinary team, specialized expert patholo-
gists, dedicated to BC specimens’ evaluation, perform pathol-
ogy assessment. Estrogen receptor (ER) status, progesterone
receptor (PgR) status, and Ki-67 labeling index determined
with the MIB1 monoclonal antibody were assessed. For
ER and PgR status two categories (negative/positive) were
considered according to well-established cut-off values [8].
HER2 immunohistochemistry (IHC) scores of 0 and 1+ were
considered negative. HER2 IHC 3+ and fluorescent in situ
hybridization (FISH)—amplified tumors, were considered
positive. All IHC2+ tumorswere tested for gene amplification
by FISH. The applied well-validated [9] primary antibodies
for evaluating ER and PgR in BC by IHC have been exten-
sively described in earlier published reports [10, 11].

BC was classified according to the histological type and
the AJCC TNM classification of malignant tumors. Concern-
ing Ki-67, we used a validated [12] cut-off value of 20% to
distinguish Ki-67 high from Ki-67 low, although the ideal
threshold has not been identified yet and varies widely from
1 to 28.6% [13].

2.2. Treatment Details. All patients, except 8 cases, received
anthracyclines as part of a combination chemotherapy regi-
men (98.8%),with 69 patients (40.6%) also receiving a taxane.
Concerning HER2 status, 23 patients had HER2 positive and
45 patients had HER2 negative status at pathological speci-
men; in 102 cases HER2 status was undetermined or missing.
None of these patients were treated with neoadjuvant or
adjuvant trastuzumab, since they were treated before 2006.

Most commonly administered chemotherapy regimens
were FEC and ET; FEC chemotherapy consisted of 500mg/
m2 5-fluorouracil, 75mg/m2 epirubicin, and 500mg/m2
cyclophosphamide, given on day 1.The ET regimen consisted
of 75mg/m2 epirubicin and 75mg/m2 docetaxel, given on day
1. The median number of chemotherapy cycles received was
4 (mean, 4.7; range, 2–6).

Additionally, 108 patients (88.2%) received adjuvant
hormonal therapy: tamoxifen for 5 years (𝑛 = 63; 37.1%),
aromatase inhibitors for 5 years (𝑛 = 52; 30.6%), and
tamoxifen for 2 years and then shift to aromatase inhibitors
(𝑛 = 35; 20.5%).

Concerning PMRT, the treatment volumes typically
included the chest wall and draining lymphatics (𝑛 = 84;
85.7%), consisting in the supraclavicular (SCV) and infra-
clavicular (ICV) nodal region (total dose 50Gy; 2Gy daily
fractions), with mixed photon and electron beams technique,
chosen at physician discretion. In our Institute we did not

irradiate mammary internal nodal region, unless patholog-
ically involved. In selected cases (𝑛 = 14; 14.3%) only chest
wall was irradiated.

Patients underwent a treatment-planning noncontrast
CT scan. Concerning CTV identification, for chest wall vol-
ume, the cranial limit was the caudal border of the clavicular
head, the caudal limit was the contralateral inframammary
fold, the lateral limit was the midaxillary line, and the medial
limit was the sterna-rib junction. For SCV nodes the cranial
limit was a line passing below the cricoid cartilage, the
caudal limit was the caudal edge of the clavicular head, the
anterior limit was the poster edge of the sternocleidomastoid
(SCM) muscle, the posterior limit was the anterior aspect of
the scalene muscle, the lateral limit was the lateral edge of
the SCM muscle cranially, and the junction first rib-clavicle
caudally, and the medial limit was a line excluding thyroid
and trachea. For ICV nodes, the cranial limit was pectoralis
minormuscle insert on coracoid, the caudal limit was axillary
vessels cross-medial edge of pectoralis minor muscle, the
anterior limit was the posterior surface of pectoralis major
muscle, the posterior limit was ribs and intercostal muscles,
the lateral limit was the medial border of pectoralis minor
muscle, and the medial limit was the thoracic inlet.

2.3. Statistical Analysis. For the survival analysis, the date of
histological BC diagnosis was used as the start of observation.
The survival time was calculated from the date of diagnosis
to the date of death or the date of the last follow-up for
living patients. We considered as events the deaths for all
causes (overall survival, OS). We also estimated the disease-
free survival (DFS) as the interval time from the date of
diagnosis to the date of locoregional recurrence (LRR) or
distant metastases (DM).

The actuarial rates of death, LRR, or DM were calculated
according to the Kaplan-Meier method, and comparisons
were made using the log-rank test. Estimated relative risk of
death, LRR, or DMwere expressed as hazard ratios (HR) and
their corresponding 95% confidence intervals (95% CI).

The clinical and pathologic factors that were statistically
significant (two-tailed 𝑃 < 0.05) on univariate analysis of
LRR, DM, or OS were included in a multivariate analysis
using the Cox proportional hazards regression model. All
statistical tests were performed by the SAS software (SAS for
Windows, version 9.1).

In order to analyze if the concomitant presence of well-
known [14] risk factors influences the LRR rate, we strati-
fied the patients in three risk groups (0-1 factors versus 2
factors versus 3–5 factors). We considered the following risk
features: skin/nipple involvement, SCV nodal involvement,
no tamoxifen use, extracapsular extension (ECE), and ER
negative disease.

3. Results

3.1. Series Characteristics. The median age at BC diagnosis
was 48.9 years (range 24–76). The median follow-up periods
of all irradiated and nonirradiated cases were 7.2 and 6.7
years, respectively.



BioMed Research International 3

Table 1 showed major clinical characteristics of the whole
series and stratified by radiation treatment. When compared
with patients who did not receive PMRT, a larger number
of irradiated patients had greater clinical and pathological
T, N, and combined AJCC TNM stage (𝑃 ≤ 0.024 for
all comparisons). There were no differences between the
two groups considering age, histology, nuclear grade, lymph
vascular invasion (LVI), downstaging after NAC based on
pathological response, use of hormonal therapy, Ki-67 index,
and percentage of ER and PgR.

3.2. Prognostic Factors of the Whole Series. At a median
follow-up period of 7.7 years (range 2–16; standard deviation
(SD) 5.1), 98 patients are alive (57.6%) and 72 patients are dead
(42.4%). Median time to LRR (𝑛 = 26) was 3.3 years (range
0.7–14.6; SD 3.9); median time to DM (𝑛 = 86) was 3.0 years
(range 0.7–12.4; SD 2.6).The 5-year and 10-year actuarial LRR
rate were 14.5% and 15.9%, respectively.

The majority of LRR failures occurred on the chest wall
(𝑛 = 15; 57.7%). SCV was the first nodal site of relapse in 7
cases (26.9%). Axillary (𝑛 = 2), infraclavicular (𝑛 = 1), and
internal mammary nodal regions (𝑛 = 1) were rare sites of
LRR (15.4%).

Table 2 showed LRR,DM, andOS rates according tomain
clinical features. In Table 3 survival rates were summarized
according to major pathologic characteristics.

The factors that significantly correlated with poor LRR
outcome were clinical N2 tumors, pathologic skin involve-
ment, LVI, and the presence of ECE. The factors that signif-
icantly correlated with poor DM outcome were clinical N2
tumors, pN2, pN3 tumors, LVI, and ECE. Concerning OS,
the significant protective features were pT1 tumors and ER
positive status, while pN1, pN2, pN3 tumors, and ECE were
unfavorable risk factors.

In the multivariate Cox regression analysis no factors
were independently associated with LRR. The multivariate
analysis of distant metastases occurrence and overall survival
are described in Table 4. The factors that significantly corre-
latedwith survival outcomewere≥4 positive nodes, ECE, and
estrogen receptor positive disease.

The LRR rate for the 61 patients (35.9%) with one or
none of selected [14] risk factors (6 events) was 10.9%, the
75 patients (44.1%) with two factors (10 events) had a rate of
24.5%, and the 34 patients (20%) with three or more factors
(10 events) had a rate of 54.3% (log rank test 𝑃 = 0.023;
Figure 1). In an analysis stratified by radiation use, PMRT
showed a protective effect (𝑃 = 0.029).

3.3. Locoregional Recurrence Rate according to Use of Post-
mastectomy Radiotherapy. In Table 5 the impact of PMRT on
LRR for various subgroups of patients is shown.

PMRT was associated with reduced LRR for patient with
clinical T3 staged disease (16.7% versus 38.7%; 𝑃 = 0.015;
Figure 2). For patients with clinical T4 and clinical N2 and
N3 tumors, no difference in LRR rates was observed. Also
concerning pathological features, no difference in LRR rates
was observed. In addition, in the subset of patients that
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Figure 1: Locoregional recurrence rates according to number of
selected risk factors.
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Figure 2: Kaplan-Meier survival curve of locoregional recurrence
for the cohort of patients with clinically T3 disease who received
NAC and mastectomy. Patients were stratified by whether they
received postmastectomy radiation (PMRT; 𝑛 = 21) or not (No
PMRT; 𝑛 = 27). Statistical comparison between the survival curves
was made using the log-rank test (𝑃 = 0.015).

achieved complete response after NAC (pCR; 𝑃 = 0.29)
or downstaging (𝑃 = 0.68), no statistical significance was
evidenced.

3.4. Treatment Safety. Major hematological and nonhema-
tological side effects are summarized in Table 6. The most
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Table 1: Distribution of 170 breast cancer cases according to adjuvant radiotherapy.

Feature Total
𝑛 = 170

No PMRT
𝑛 = 72

PMRT
𝑛 = 98

𝑃 value∘

Age groups
≤40 33 18 15
41–50 62 25 37
51–60 5 18 32
>60 25 11 14 0.40

Clinical T classification
T1 4 2 2
T2 52 28 24
T3 48 27 21
T4 66 15 51 0.002

Clinical N classification
N0 42 20 22
N1 95 45 50
N2 33 7 25 0.024

Clinical stage
IIA 16 8 8
IIB 51 32 19
IIIA 35 17 18
IIIB 63 15 48
IIIC 3 — 5 0.0001

Multiple Foci
No 99 50 49
Yes 71 2 49 0.012

Pathologic T classification
pTx/pTis 14 7 7
pT1 26 13 13
pT2 75 39 36
pT3 18 7 11
pT4 37 6 31 0.007

Pathologic N classification
pN0 20 14 6
pN1 63 29 34
pN2 52 16 36
pN3 35 13 22 0.02

Downstage
No 115 43 72
Yes 55 29 26 0.07

Histology
Ductal invasive 118 55 63
Lobular invasive 36 12 24
Others 16 5 11 0.24

Pathologic skin involvement
Absent 136 66 70
Present 34 6 28 0.001

Extracapsular extension
Absent 115 52 63
Present 55 20 35 0.32
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Table 1: Continued.

Feature Total
𝑛 = 170

No PMRT
𝑛 = 72

PMRT
𝑛 = 98

𝑃 value∘

LVI
Absent 101 47 54
Present 69 25 44 0.21

Nuclear grading∗

G1 11 6 5
G2 54 26 28
G3 80 33 47 0.58

Ki 67 index
<20 117 53 64
≥20 53 19 34 0.32

ER status
Negative 64 30 34
Positive 106 42 64 0.42

PgR status
Negative 83 40 43
Positive 87 32 55 0.16

NAC regimen
Anthracyclines-based 69 27 42
Anthracyclines and taxanes-based 93 44 49
No anthracyclines 8 1 7 0.13

Adjuvant hormonal therapy
No 62 28 34
Tamoxifen 75 31 44
AIs 33 13 20 0.89

∗Some data are missing; ∘𝑃 value from Fisher exact test or chi-square for trend, as appropriate.
PMRT: postmastectomy radiotherapy; LVI: lymphovascular invasion; ER: estrogen receptors; PgR: progesterone receptors; NAC: neoadjuvant chemotherapy;
AIs: aromatase inhibitors.

represented hematological G3–G5 side effect was neutrope-
nia (17%). The most frequent radiotherapy-related acute side
effect was erythema (33%). At amedian follow-up of 7.2 years,
the most represented late RT-related side effect was fibrosis
(20%).

4. Discussion

The Danish and the British Columbia trials have established
the survival advantage following radiotherapy in postmas-
tectomy patients [15, 16]. The Early Breast Cancer Trialists’
Collaborative Group meta-analysis has demonstrated that
PMRT, besides improving local control rates, confers an OS
benefit [17]. On the basis of these studies and others, the role
of the indication to PMRT has traditionally been determined
by pathologic staging, with surgery as the first treatment
modality [18, 19].

NAC is nowadays based on regimens containing anthra-
cyclines, taxanes, and trastuzumab in case of HER2 pos-
itive disease. The toxicity profile of these drugs is well
known, namely, characterized by potential cardiac [20–23]
and pulmonary [24–26] adverse events. Although NAC has

many advantages, its impact on surgical staging reduces
the applicability of the traditional pathologic guidelines for
PMRT.

Guidelines for the use of PMRT after NAC have not
been established. Retrospective series have demonstrated that
the omission of PMRT after NAC in high-risk patients can
result in an unacceptable high rate of LRR, even in case of
pathological complete response [7, 27]. For this reason, the
role of PMRT is generally determined by clinical staging
before NAC without regard for the response to NAC [18].

Risk factors for LRR in this specific setting are not well
established. Advanced clinical or pathologic stage, triple-
negative receptor status, and presence of LVI and/or ECE
emerged as high-risk features that should warrant consid-
eration of PMRT after NAC [28]. In our experience greater
clinical nodal status, tumor stage, the presence of LVI, and
nodal ECE emerged as adverse prognostic factors; these
results are in line with many published series [7, 18, 28, 29].

Concerning age at diagnosis, Garg et al. [30] retrospec-
tively analyzed 107 consecutive BC patients younger than 35
years with stage IIA–IIIC disease, treated with doxorubicin-
based NAC and mastectomy, with or without PMRT. In this
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Table 2: Locoregional recurrence, distant metastases, and overall survival rates according to clinical factors.

Variable Patient Overall survival LRR free survival DM free survival
Deaths 𝑃 value LRR 𝑃 value DM 𝑃 value

Age groups
≤40 33 16 6 20
41–50 62 24 9 20
51–60 5 20 9 25
>60 25 12 0.73 2 0.74 13 0.67

Clinical T
T1 4 3 0 3
T2 52 15 3 18
T3 48 17 9 25
T4 66 37 0.09 14 0.28 40 0.12

Clinical N
N0 42 14 5 15
N1 95 39 11 49
N2 33 19 0.15 10 0.034 22 0.028

Clinical stage
IIA 16 5 0 5
IIB 51 17 6 21
IIIA 35 13 6 20
IIIB 63 36 14 39
IIIC 3 1 0.15 0 0.19 1 0.09

Multiple Foci
No 99 40 18 46
Yes 71 32 0.60 8 0.28 40 0.19

Downstage
No 115 50 19 64
Yes 55 22 0.34 7 0.31 22 0.029

PMRT
No 72 31 12 36
Yes 98 41 0.83 14 0.57 50 0.93

PMRT volumes
Chest wall 14 5 1 5
Chest wall + SC 74 34 0.35 12 0.38 43 0.11

NAC regimen
Anthracyclines-based 69 35 14 41
Anthracyclines- and taxanes-based 93 33 10 41
No anthracyclines 8 4 0.25 2 0.29 4 0.16

Adjuvant hormonal therapy
No 62 34 10 35
Tamoxifen 75 28 11 34
AIs 33 10 0.11 5 0.93 17 0.31

Total 170 72 26 86
LRR: locoregional recurrence; DM: distant metastases; PMRT: postmastectomy radiotherapy; NAC: neoadjuvant chemotherapy; SC: supraclavicular nodal
region; AIs: aromatase inhibitors.

experience the use of PMRT led to a statistically greater rate of
local control and OS compared with patients without PMRT.

Response to NAC is another debated issue in adjuvant
PMRTdecision-making.Data regarding LRR rates in patients
who achieve a pCR are limited, although few data supported
stage IIIA patients with pCR as being at low risk [28]. Con-
cerning tumor biology and chemotherapy response, many

experiences showed that residual disease after NAC seems to
have a greater implication for outcome for those in whom
systemic therapy would have been expected to produce a
more favorable response, such as ER and HER2 positive
patients [31–34].

Conversely, other studies suggested how PMRT should
be indicated regardless of response to NAC [18, 35]. Also in
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Table 3: Locoregional recurrence, distant metastases, and overall survival rates according to pathologic factors.

Variable Patient Overall survival LRR free survival DM free survival
Deaths 𝑃 value LRR 𝑃 value DM 𝑃 value

Multiple foci
No 99 40 18 46
Yes 71 32 0.60 8 0.28 40 0.19

Pathologic T
pTx/pTis 14 8 3 8
pT1 26 5 0 7
pT2 75 29 8 38
pT3 18 10 5 11
pT4 37 20 0.04 10 0.015 22 0.13

Pathologic N
pN0 20 3 2 3
pN1 63 27 9 28
pN2 52 26 12 33
pN3 35 16 0.026 3 0.12 22 0.0002

Stage
0 3 2 1 2
I 6 0 0 0
IIa 25 7 3 7
IIb 25 9 4 9
IIIa 43 20 6 27
IIIb 39 18 8 21
IIIc 29 16 0.049 4 0.76 20 0.0006

Histology
Ductal invasive 118 52 19 59
Lobular invasive 36 13 1 19
Others 16 7 0.85 6 0.008 8 0.94

Pathologic skin involvement
Absent 136 56 16 67
Present 34 16 0.78 10 0.018 19 0.83

LVI
Absent 101 38 14 44
Present 69 34 0.19 12 0.35 42 0.044

Nuclear grading∗

G1 11 4 0 5
G2 54 17 3 25
G3 80 40 0.18 16 0.024 44 0.52

Ki 67 index
<20 117 48 21 57
≥20 53 24 0.15 5 0.34 29 0.09

ER status
Negative 64 35 10 37
Positive 106 37 0.015 16 0.99 49 0.20

PgR status
Negative 83 36 13 41
Positive 87 36 0.83 13 0.87 45 0.83

Extracapsular extension
Absence 115 37 13 48
Presence 55 35 0.0007 13 0.035 38 0.003
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Table 3: Continued.

Variable Patient Overall survival LRR free survival DM free survival
Deaths 𝑃 value LRR 𝑃 value DM 𝑃 value

Total 170 72 26 86
∗Some data are missing.
LRR: locoregional recurrence; DM: distant metastases; PMRT: postmastectomy radiotherapy; LVI: lymph vascular invasion; ER: estrogen receptors; PgR:
progesterone receptors.

Table 4: Multivariate analysis of distant metastases occurrence and overall survival.

Factor Hazard ratio 95% confidence interval 𝑃 value
Distant metastases

pN2 6.95 2.11–22.56 0.007
pN3 7.21 2.15–24.18 0.009
Extracapsular extension 1.91 1.25–2.92 0.023

Overall survival
pN2 5.00 1.51–16.52 0.035
pN3 4.50 1.31–15.48 0.037
Extracapsular extension 2.18 1.37–3.46 0.009
Estrogen receptor positive disease 0.57 0.36–0.90 0.003

our series disease downstaging and/or pCR to NAC were not
independent prognostic factors for LRR occurrence.

In our experience PMRTwas significantly protective only
in case of clinical staged T3 tumors, regardless of response to
NAC. Our results are consistent with the experience of M. D.
Anderson Cancer Center, which in our knowledge represents
the largest published series.

In a relevant study published in 2004, Huang et al. [7]
showed how radiation was found to benefit both local control
and survival for patients presentingwith clinical T3 tumors or
stage III-IV disease (ipsilateral SCV nodal) and for patients
with four or more positive nodes.

In 2011, Nagar et al. [36] tried to determine the impact of
PMRT after NAC on LRR in 162 patients with clinical T3N0
disease. PMRT was effective in reducing the LRR rate, even
when there was no pathologic evidence of nodal involvement
after NAC.

However we are aware of the limitations of our retrospec-
tive study: the two cohorts in the analyses had differences in
several factors, and the more advanced tumor characteristics
were in the PMRT group. PMRT may overcome negative
pathologic features in the cohort.

A complex evaluation based on the presence of multiple
risk factors should be of primary importance in the decision-
making process for PMRT after NAC.

Fowble et al. [28] identified a cohort of women treated
with NAC andmastectomy for whom PMRTmay be omitted
according to the projected risk of LRR. Seven breast cancer
physicians from the University of California cancer centers
created 14 hypothetical clinical case scenarios; an overall
summary risk assessment table was developed, using the
American College of Radiology rating scale. Clinical stage
II (T1-2N0-1) patients, aged > 40 years, with ER positive
subtype, with pCR or 0–3 positive nodes without LVI or ECE,
were identified as having <10% risk of LRRwithout radiation.

Huang et al. [7, 14] retrospectively reviewed the hospital
records of 542 patients treated on six consecutive institutional
prospective trials using NAC and PMRT. In the multivariate
analysis, skin/nipple involvement, SCV nodal involvement,
no tamoxifen use, ECE, and ER negative were independently
associated with developing LRR (HR 2.1–2.8; 𝑃 < 0.001–
0.020). The 10-year rate of LRR for patients with one or none
of these factors was only 4%, but patients with two factors
had a rate of 8%, and patients with three or more factors
had a rate of 28% (𝑃 < 0.0001 for 0-1 factor versus 3–5
factors).

In order to validate the independent factors shown in
the experience of the M. D. Anderson Cancer Center, we
performed the same multiple factors analysis. Also in our
series we found a significant higher LRR rate in patients
with a greater number of risk factors (HR 2.70; 95% CI
1.12–6.53; 𝑃 = 0.023; 54.3% LRR rate for patients with 3–5
factors).

The 2007 National Cancer Institute conference report
recommended PMRT after NAC for patients presenting with
clinical stage III disease or those with positive nodes after
chemotherapy [37]. Our experience adds strength to the
experiences that suggest PMRT after NAC based on clinical
staging; however, we strongly believe that PMRT after NAC
should be indicated following a comprehensive assessment of
multiple factors.

5. Conclusions

Our experience confirmed the impact of pathological nodal
involvement in patients’ outcome. After NAC and mastec-
tomy, PMRT was found to benefit local control of patients
presenting with clinical T3 tumors, regardless of the response
to chemotherapy. Radiation should always be considered after
a carefulmultidisciplinary assessment ofmultiple risk factors.
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Table 5: Locoregional recurrence-free survival rate according to postmastectomy radiotherapy.

Feature 𝑁 No PMRT PMRT LRR
𝑃 value

No PMRT PMRT
Age groups
≤40 33 18 15 5 1 0.13
41–50 62 25 37 4 5 0.53
51–60 5 18 32 3 6 0.62
>60 25 11 14 0 2 0.24

Clinical T
T1 4 2 2 0 0 —
T2 52 26 24 3 0 0.12
T3 48 27 21 8 1 0.015
T4 66 15 51 1 13 0.15

Clinical N
N0 42 20 22 3 2 0.64
N1 95 45 90 7 4 0.15
N2 33 7 26 2 8 0.87

Multiple foci
No 99 50 49 1 7 0.27
Yes 71 22 49 1 7 0.26

Pathologic T
pTx/pTis 14 7 7 2 1 0.29
pT1 26 13 13 0 0 —
pT2 75 39 36 6 3 0.10
pT3 18 7 11 3 2 0.18
pT4 37 6 31 1 9 0.49

Pathologic N
pN0 20 14 6 2 0 0.35
pN1 63 29 34 3 6 0.62
pN2 52 16 36 5 7 0.16
pN3 35 13 22 2 1 0.54

Downstage
No 115 43 72 8 11 0.51
Yes 55 29 26 4 3 0.68

Histology
Ductal invasive 118 55 63 9 10 0.78
Lobular invasive 36 12 24 0 1 0.48
Others 16 5 11 3 3 0.17

Pathologic skin involvement
Absent 136 66 70 11 5 0.061
Present 34 6 28 1 9 0.44

LVI
Absent 101 47 54 8 6 0.32
Present 69 25 44 4 8 0.93

Nuclear grading∗

G1 11 6 5 0 0 —
G2 54 26 28 3 0 0.06
G3 80 33 47 7 9 0.86

Ki 67 index
<20 117 53 64 10 11 0.76
≥20 53 19 34 2 3 0.69
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Table 5: Continued.

Feature 𝑁 No PMRT PMRT LRR
𝑃 value

No PMRT PMRT
ER status

Negative 64 30 34 4 6 0.81
Positive 106 42 64 8 8 0.32

PgR status
Negative 83 40 43 6 7 0.93
Positive 87 32 65 6 7 0.39

Extracapsular extension
Absence 115 52 63 8 5 0.20
Presence 55 20 35 4 9 0.89

NAC regimen
Anthracyclines-based 69 27 42 5 9 0.74
Anthracyclines- and taxanes-based 93 44 49 6 4 0.38
No anthracyclines-based 8 1 7 1 1 0.008

Adjuvant hormonal therapy
No 62 28 34 4 6 0.86
Tamoxifen 75 31 44 5 6 0.71
AIs 33 13 20 3 2 0.32

Total 170 72 98 12 14
∗Some data are missing.
LRR: locoregional recurrence; PMRT: postmastectomy radiotherapy; LVI: lymph vascular invasion; ER: estrogen receptors; PgR: progesterone receptors; NAC:
neoadjuvant chemotherapy; AIs: aromatase inhibitors.

Table 6: Main chemotherapy- and radiotherapy-related adverse
events.

𝑁 %
Chemotherapy-related side effects
Anemia

Grades 0–2 150 88
Grades 3–5 20 12

Neutropenia
Grades 0–2 142 83
Grades 3–5 28 17

Piastrinopenia
Grades 0–2 150 88
Grades 3–5 20 20

Mucositis
Grades 0–2 158 93
Grades 3–5 12 7

Alopecia 162 95
Hypertransaminasemia 15 9
Febrile neutropenia 5 3
𝑅𝑎𝑑𝑖𝑜𝑡ℎ𝑒𝑟𝑎𝑝𝑦-𝑟𝑒𝑙𝑎𝑡𝑒𝑑 𝑠𝑖𝑑𝑒 𝑒𝑓𝑓𝑒𝑐𝑡𝑠∘

Erythema 32 33
Thoracic wall pain 25 25
Edema 3 3
Fatigue 30 30
Fibrosis 20 20
Telangiectasia 8 8
∘PMRT group, any grades.

However prospective trials in properly selected patients are
strongly needed.
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Image pair is often aligned initially based on a rigid or affine transformation before a deformable registration method is applied in
medical image registration. Inappropriate initial registration may compromise the registration speed or impede the convergence
of the optimization algorithm. In this work, a novel technique was proposed for prealignment in both monomodality and
multimodality image registration based on statistical correlation of gradient information. A simple and robust algorithm was
proposed to determine the rotational differences between two images based on orientation histogrammatching accumulated from
local orientation of each pixel without any feature extraction. Experimental results showed that it was effective to acquire the
orientation angle between two unregistered images with advantages over the existedmethod based on edge-map inmultimodalities.
Applying the orientation detection into the registration of CT/MR, T1/T2MRI, andmonomadality images with respect to rigid and
nonrigid deformation improved the chances of finding the global optimization of the registration and reduced the search space of
optimization.

1. Introduction

Image registration is the spatial mapping of corresponding
locations between different images with broad applications
in neurosurgery and radiotherapy [1]. Medical image reg-
istration techniques have undergone continuous develop-
ment and extensive research over decades [2–7]. In general
applications of medical image registration, an image pair
is often aligned initially based on a rigid or affine trans-
formation before a nonrigid warp is applied. The initial
rigid transformation is performed to fast approximate the
global deformation between the images, and the subsequent
nonrigid warp is supposed to refine the local deformation,
such as free-form deformation (FFD) [8] or Demons [9,
10]. An initial preregistration may be defined manually or
automatically [11, 12]. In the image moments-based method,
the rotational difference is determined by the second-order
central moment, and the translation is determined by the
displacement of the centroid of corresponding objects in two

images. Manual initialization by users may be accurate but
impractical for clinicians. The application of image moments
for initial estimation needs presegmentation of objects for
moment calculation and often complicates the registration.
In particular, the accurate segmentation of corresponding
structures in Multimodality images may be impossible to
complete. Feature-based registration methods [13, 14] are
prone to fail due to the less availability of the corresponding
features between multimodality images.

It was previously reported that orientation difference
estimation based on edge information [15] with Canny filter
depends on the similarity between the two images. Automatic
multimodal image registration remains challenging in terms
of consistency in intensity or contrast patterns and the
existence of nonoverlapping regions between images. In
addition, the method was limited for rigid transformation
due to the utilization of polar and Fourier transformations in
frequency domain, thus not much robust to partial occlusion
and complex global or local deformation between images.
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Since the unregistered images may contain considerable
global and local nonlinear deformations in addition to global
rigid deformation, orientation detection between images has
to be robust to considerable complex deformation, partial
occlusion, and illumination changes.

In this study, the feasibility of calculating the orientation
difference between two unregistered images is explored to
facilitate the image registration without any feature extrac-
tion. The challenges lie in the lack of abundant corre-
sponding characteristics between multimodality images. Tis-
sue boundaries may vary in corresponding multimodality
images, but the distribution of gradient information often has
considerable similarities. The orientation difference between
multimodality images is expected to be determined by the
orientation histogram of gradient information. Gradient
information has been widely used in the field of image
registration [16–21]. Histogram of gradient (HOG) has been
widely used in computer vision and pattern recognition [22],
for example, feature point descriptors [23] and hand gesture
recognition [24]. The applications of HOG in the previous
work are mainly designed for local descriptions in images.
The orientation bins in the histogram are often 4 or 8 to
describe the local content of nearest neighborhood around
the feature point.

Contrast to all previously proposed methods based on
gradient information, gradient information is adopted to
estimate the global orientation difference between images
in this work. The estimation of global rotational difference
is casted as the problem of gradient magnitude weighted
orientation histogram matching. A robust technique for
histogram matching based on L1 norm and L2 norm is also
provided, which is robust to local deformation, partial occlu-
sion, and illumination change in addition to noise in images.
Normalizing the gradient magnitude weighted orientation
histogram allows estimating the orientation difference across
scale differences of images.Themain contribution of thework
lies in the fact that the global orientation is estimated based
on the accumulation of local gradient information, and the
global orientation difference is formulated as the problem of
robust matching of gradient magnitude weighted orientation
histograms.

2. Material and Methodology

The prealignment for multimodality images mainly con-
sists of two components: (1) estimating the rotation and
(2) estimating the translation. Figure 1 shows a schematic of
the method for estimating the rotational difference. Initially
the gradient magnitudes weighted orientation histograms
were constructed for two unregistered images, image A and
image B, respectively. Subsequently, the two histograms were
normalized for further histogram matching to eliminate the
influence of scale differences between images. The process of
robust histogrammatching was then performed to determine
the rotational difference between the images. T1 (T1WI) and
T2 (T2WI) weighted magnetic resonance images (MRI) of
human brain images were shown in Figure 2 to demonstrate
the detailed performance of the proposed algorithm.

2.1. The Local Gradient. The local orientation in the image is
obtained by calculating the first derivatives in two orthogonal
directions and the orientation is determined using the gradi-
ent expression illustrated as [25]

∇𝑓 =
𝜕𝑓

𝜕𝑥
𝑥 +

𝜕𝑓

𝜕𝑦
𝑦, (1)

where 𝜕𝑓/𝜕𝑥 is the gradient in the 𝑥 direction and 𝜕𝑓/𝜕𝑦 is
the gradient in the 𝑦 direction. The gradient magnitude is
calculated by the following formula:

𝑚 = √(
𝜕𝑓

𝜕𝑥
)
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+ (
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The gradient direction is calculated as

𝜃 = arctan(
𝜕𝑓

𝜕𝑥
,
𝜕𝑓

𝜕𝑦
) . (3)

The gradient is computed pixelwise and this operation
is carried out by filtering the image with operators such as
Sobel in the 𝑥 and 𝑦 directions. To reduce the effect of noisy
directions, the partial derivatives in the image are calculated
by filtering the image in the 𝑥 and 𝑦 direction with the filters
that implement the derivatives of theGaussian functions.This
is achieved by filtering the image with 1D operators that are
computed using the expression by the following formula:

𝐺 (𝑥) =
1

√2𝜋𝜎

𝑒
−𝑥
2
/2𝜎
2

,
𝜕𝐺
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2
𝐺 (𝑥) , (4)

where 𝜎 is the standard deviation of the Gaussian function.
After calculating the partial derivatives, the weak edges
response are eliminated by applying a nonmaximal suppres-
sion procedure and the orientation at each pixel is determined
by the expression in (3).

One portion (the red rectangle in Figure 3(a)) cropped
from T2 MRI image in Figure 2(b) was selected for gra-
dient calculation. Gaussian derivative appeared superior to
the gradient derivative (Figure 3). The gradient orientations
acquired by Gaussian derivative in the neighborhood area
were coherent and insensitive to local noise or intensity
changes. In addition, the gradient orientation by Gaussian
derivative was reliable and accurate as the derivative calcu-
lation was done in continuous rather than a discrete domain.

2.2. Magnitudes Weighted Orientation Histogram and Nor-
malization. In this work, the gradient magnitudes weighted
orientation histogram was devised to describe the global
orientation characteristic of images.Theweighted orientation
histogram is created with the weight of the gradient direction
at a pixel being the gradient magnitude at the pixel. The
orientation resolution is set to 1∘ to balance the accuracy
and the robustness of orientation histogram. In addition, the
process of histogram normalization eliminates the influence
of slightly scale difference or partial occlusion between
images.

The magnitudes weighted orientation histograms accu-
mulated from local gradients calculated by Gaussian deriva-
tive and gradient derivative were experimentally compared.
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Image A Magnitudes weighted 
orientation histogram

Image B Magnitudes weighted 
orientation histogram

Histogram 
normalization

Histogram 
normalization

Robust histogram 
matching

Determining 
rotational differences

Figure 1: Flowchart of the estimation of the rotational difference.

(a) (b) (c)

Figure 2: Test MR Brain images. (a) T1 MRI. (b) T2 MRI. (c) Rotate T2 MRI by 11.46∘.

(a) (b) (c)

Figure 3: Local gradient calculated by the Gaussian derivative and gradient derivative, respectively. (a) Original image and its portion shown
by the red rectangle. (b) Local gradient by Gaussian derivative. (c) Local gradient by gradient derivative. Note that the blue axis shows the
local gradient orientation at each pixel, and the length of the axis denotes the value of local gradient magnitude.

In Figure 4, twomagnitudes weighted orientation histograms
were generated for Brain T2 MR. The magnitudes weighted
orientation histogram by Gaussian derivatives distributed
more uniformly. However, the Magnitudes weighted ori-
entation histogram by gradient derivative generated large
peaks corresponding to 0∘, 90∘, 180∘, and 270∘. Comparatively,
Gaussian derivative was able to describe the local gradient
information, which represented the desired characteristics of
local areas.

In Figure 5, a test was shown to generate magnitudes
weighted orientation histograms with different orientation
bins for brain T2 MR as shown in Figure 2. Let 𝐾 denote
the number of bins for the orientation histogram. The
orientation bins 𝐾 were selected from 90, 180, and 360
to 720. Correspondingly, the orientation resolutions of the
histogramswere 4∘, 2∘, 1∘, and 0.5∘ (360/𝐾). To clearly observe
the accumulation of histograms in different orientation bins,
the type of bar was adopted for histogram presentation



4 BioMed Research International

0 50 100 150 200 250 300 350
0

10
20
30
40
50
60
70
80
90

100

Orientation

Su
m

 o
f g

ra
di

en
t m

ag
ni

tu
de

s

(a)

0 50 100 150 200 250 300 350
0

10
20
30
40
50
60
70
80
90

100

Orientation

Su
m

 o
f g

ra
di

en
t m

ag
ni

tu
de

s

(b)

Figure 4: Magnitudes weighted orientation histograms accumulated from local gradients calculated by Gaussian derivative and gradient
derivative, respectively. (a) Local gradients calculated by Gaussian derivative. (b) Local gradients calculated by gradient derivative.
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Figure 5:Magnitudes weighted orientation histograms with different orientation bins. (a)𝐾 = 90, (b)𝐾 = 180, (c)𝐾 = 360, and (d)𝐾 = 720.

rather than using the conventional type of line. Magnitudes
weighted orientation histograms with different orientation
bins were created in Figure 5.

2.3. Histogram Matching. Since two images may not cover
exactly the same parts of anatomic structures, in order to
maximize the area of overlap between the two images, areas

within largest circular regions centered at the images are used
in the orientation histogram accumulation. To maximize
the area of overlap between the images, only areas within
largest circular regions centered at the images are used for
the accumulation. The orientation histogram of one image
is cyclically slided over the other orientation histogram from
the other image, and the position where the two histograms
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Figure 6: Cyclically histogram shift by Fourier shift theorem. (a) Original histogram. (b) Cyclically shift 𝑗 = 2. (c) Cyclically shift 𝑗 = 5.

best match is used to determine the rotational difference
between the images, assuming𝐻

𝐴
and𝐻

𝐵
are themagnitudes

weighted orientation histograms of the reference image and
the moving images, respectively. Histogram matching is to
determine the optimal translation that minimizes the cost
function 𝑇

𝐷
of two histograms 𝐻

𝐴
and 𝐻

𝐵
, that is, to find

𝑇
𝐷
(𝑗) = ∑

𝐾−1

𝑖=0
(|𝐻
𝐴
(𝑖) − 𝐻

𝐵
(𝑖 + 𝑗)|) for 𝑗 = 0, . . . , 𝐾 − 1. Then

find 𝐽 such that 𝑇
𝐷
(𝐽) = min(𝑇

𝐷
(𝑗)) for 𝑗 = 0, . . . , 𝐾 − 1,

where 𝐽 is the estimation of rotational difference between
two images and 𝐾 is the number of bins for the orientation
histogram. Note that this shift of histogrammatching is done
cyclically, so that if 𝑖 + 𝑗 > 𝐾 − 1, then 𝑖 + 𝑗 is replaced with
𝑖 + 𝑗 − (𝐾 − 1). The matching metric is L1 norm of 𝐻

𝐴
and

𝐻
𝐵
. In addition, L2 norm is also performed for the histogram

matching 𝑇
𝐷
(𝑗) = ∑

𝐾−1

𝑖=0
(|𝐻
𝐴
(𝑖) − 𝐻

𝐵
(𝑖 + 𝑗)|

2
).

Fourier transform based on Fourier shift theorem was
used to efficiently compute the sum of absolute difference
(L1 norm) or the sum of squared difference (L2 norm) for all
possible shifts cyclically for 𝑗 = 0, . . . , 𝐾− 1. Figure 6 showed
the process of cyclically shift of histograms by Fourier shift
theorem in the implementation. To better visualize the cycli-
cally shift of the histogram, orientation bins𝐾 was chosen as
9 to generate the magnitudes weighted orientation histogram
for orientation bins for brain T2 MR. The shift 𝑗 was
considered as 2 and 5, respectively. The histogram matching

values of𝑇
𝐷
with shift 𝑗 from0 to𝐾−1were recorded, and the

globalminimumvalue of𝑇
𝐷
was considered as the position of

the best match. In the implementation, a figure of 𝑇
𝐷
with all

shifts was plotted for better observation, where the horizontal
axis was the shift 𝑗 from 0 to 𝐾 − 1, and the vertical axis was
the histogram matching value 𝑇

𝐷
. In order to improve the

robustness of histogram matching and eliminate the noise in
orientation histograms, 1-dimensional Gaussian smoothing
with small standard deviation was performed for two his-
tograms before the matching process. Finally, interpolation
methods were used to improve the accuracy of orientation
difference estimation. The point which corresponded to the
global minimum value and its nearest neighborhood points
in the histogram of 𝑇

𝐷
were fitted as a curve to generate the

minimum in the continuous domain.
A synthetic example of determining the rotational dif-

ference between two brain T1 MRI and T2 MRI images
was presented to demonstrate the detailed performance of
the proposed algorithm in Figure 7. The synthetic rotational
difference between the two images Figures 2(a) and 2(c)
was 11.46∘. The detailed results of generated histograms and
matching were shown in Figure 7, and the comparison of L1
norm and L2 norm for histogram matching was also shown.
From the test results, the obtained result generated by the
proposedmethod was 11∘, which was very close to the desired
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Figure 7: Simulated orientation test by gradient magnitude weighted orientation histogrammatching of T1MRI (Figure 2(a)) and rotated T2
MRI (Figure 2(c)) images. (a) and (b) are the original images and the red circle which is largest centered at the images shows the area of overlap
for orientation histogram accumulation. (c) and (d) are magnitude weighted orientation histograms for (a) and (b), respectively. (e) and (f)
are the normalized histograms of (c) and (d), respectively. (g) shows the values of cost functions T of histogram (e) and (f) with shift 𝑗 for
𝑗 = 0, . . . , 𝐾 − 1. The similarity metric is tested by L1 and L2 norm, respectively. The minimum value of the cost function T corresponds to
𝐽 = 349 along the horizontal coordinate. The obtained orientation difference is 11∘, which is very close to its desired value.

value. In addition, both L1 norm and L2 norm achieved
similar performances.

3. Experiments

To demonstrate the accuracy and robustness of the proposed
method for global orientation difference estimation between
multimodality medical images, both synthetic and clinical

medical images were applied for the experiments. The per-
formance of the proposed method on synthetic images was
firstly tested as the ground truths of the rotational difference
were known. The gold-standard rigid-body rotational differ-
ence for each registration was set by rotating one image in
the image pair with respect to the other image. The proposed
method was compared with the edge-based method for
rotational estimation for challenging multimodality images.
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(a)

(b)

(c)

Figure 8: Image pairs used to evaluate the registration method. The first column and the second column were the original image pairs and
the third column was generated by rotating the first column image with fixed 17∘ clockwise. (a) Brain T1/T2 MRI with intensity and slight
scale difference. (b) Head CT/MR with significant differences. (c) Prostate MR with deformations and partial occlusions due to the surgery.

Finally, we incorporated the proposed orientation estimation
for preregistration of multimodality images.

3.1. Synthetic Test. The method was tested in three different
medical image processing scenarios: brain T1WI and T2WI
with scale difference (Figure 8(a)), head CT image to the T1
weighted MRI image in the “head” image pair (Figure 8(b)),
and MR prostrate image pair with large local and global
deformation (Figure 8(c)). It was assumed that the ground
truths of rotational differences between images were acquired
by computer generation, so the first image was rotated by

a fixed degree using the bicubic interpolation to generate the
third image. Hence, firstly the rotational difference between
the original image pairs was tested and then the result
between the generated image and the second imagewas tested
as well. Without loss of generality, the fixed degree of 17∘
clockwise was set for all cases and the generated third image
was shown in each case.

The test results of rotational differences between image
pairs shown in Figure 8 were reported in Table 1. The cross
correlation of gradient magnitudes weighted orientation his-
tograms for each image pair were also presented in Figure 9
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Figure 9: Cross correlation of gradient magnitudes weighted orientation histogram for each image pair.

Table 1: Test results of rotational differences between image pairs by the proposed method.

Image pair 1st column and
3rd column 𝛾 (∘)

1st column and
2nd column 𝛼 (∘)

2nd column and
3rd column 𝛽 (∘) Absolute value |𝛼 − 𝛽|

Brain T1/T2 MRI 17
Figure 9(a)

358 (or −2)
Figure 9(b)

340
Figure 9(c) 18

Head CT/MR 17
Figure 9(d)

357 (or −3)
Figure 9(e)

341 (or −19)
Figure 9(f) 16

Prostate MR 17
Figure 9(g)

7
Figure 9(h)

353 (or −7)
Figure 9(i) 14
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Table 2: Test results of rotational differences between image pairs by edge-map based method.

Image pair 1st column and
3rd column 𝛾 (∘)

1st column and
2nd column 𝛼 (∘)

2nd column and
3rd column 𝛽 (∘)

Absolute value |𝛼 − 𝛽|

Brain T1/T2 MRI 16.87
Figure 11(a)

120.23
Figure 11(b)

82.97
Figure 11(c)

27.26

Head CT/MR 16.87
Figure 11(d)

355.08
Figure 11(e)

46.40
Figure 11(f)

308.68

Prostate MR 16.87
Figure 11(g)

68.90
Figure 11(h)

22.50
Figure 11(i)

46.40

correspondingly. It was known that the third column was
generated by rotating the first column image with fixed 17∘
clockwise; the test results of the first column image and third
column image were also shown to demonstrate the accuracy
of the proposed method for monomodality images. Note
that the rotational differences between the original image
pairs (1st column and 2nd column) were slightly small from
the observation; the test results of orientation difference
estimation as shown in the Table 1 were consistent to the
observation, which were very close to the desired value. The
proposed method of rotational estimation was applicable to
multimodality images in Figures 9(a) and 9(b). Since the
proposed method did not require any feature extraction
or segmentation for preprocessing to acquire the rotational
difference between images, it was efficient and simple for
preregistration of both monomodality and multimodality
images. From the results of images in Figure 8(c), the pro-
posed method was robust to considerable global and local
deformations in medical images, which frequently appeared
in biomedical image applications.

Then, test results of image pairs in Figure 10 by the edge-
map based method [15] were tabulated in Table 2. In the
implementation of the edge-map based method, note that
phase correlation [26] was used to determine the rotation
between images rather than using the cross correlation
recommended in the original paper due to the fact that phase
correlation can generate the same results as cross correlation
but is more robust than cross correlation with respect to
partial occlusion [27]. As shown in Figure 11, the phase
correlation of the polar presentation of Fourier spectrum for
each image pair was displayed correspondingly. Since the
images of the 3rd column were generated by rotating the
images of the 1st column through the bicubic interpolation,
the edge-maps were very similar for these two image sets.
Therefore, the rotational differences between such two image
sets detected by the edge-map based method were very
accurate as shown in the Table 2. Specifically, their phase
correlation of the polar presentation of Fourier spectrums
had distinctive peaks in Figures 11(a), 11(d), and 11(g), which
corresponded to correct estimation of rotational differences.
However, the results of other cases were all incorrect. For
the brain T1/T2 MRI images, there was no distinctive peak
in the field of phase correlation due to the fact that there
were slight scale differences between two images. For the CT
and MR “head” image, their edge-maps were significantly
different, and therefore the detected results were incorrect

due to the lack of abundant similar edges. For the ProstateMR
images, the results were also incorrect due to the considerable
global and local deformations between images. Therefore, it
was experimentally verified that the edge-map based method
was extremely limited to acquire the rotational difference
between images. Comparatively, the proposed method was
based on the global similarity of local information in spatial
domain, which was very robust tomultimodality images with
respect to nonlinear deformation, slight scale differences, and
considerable dissimilarities.

In essence, the proposed method of rotational estimation
is a general technique for image registration with wide
ranges of rotational differences. In order to demonstrate the
sensitivity of the method to smaller rotations and larger
rotations, detailed simulation tests were presented with a
smaller range of rotations, including 1∘, 2∘, 3∘, . . . , 8∘. Mean-
while, larger rotations were also tested, including 40∘ or 70∘.
Three medical images were selected for the test including
brain T1 MRI, head CT, and prostate MR images as shown in
Figure 8. Rotating one test image with a synthetic rotational
angle by the bicubic interpolation would generate its rotated
image for the rotational estimation. The experimental results
were reported in Table 3. Note that the standard deviation
of Gaussian derivative 𝜎 should be relatively large (e.g.,
𝜎 = 5.0 in the test) in order to reduce the influence of
interpolation artifacts from the bicubic interpolation. From
the test results, the proposed method obtained promising
results when the rotational difference was larger than 3∘.
However, the proposed method was not much sensitive to
too small rotational differences, for example, <2∘. When the
rotational difference between two images was smaller than 2∘,
the obtained result was usually zero. Two reasons accounted
for it. One was that the orientation resolution of histograms
is 1∘ in the work, and it was so difficult to differentiate too
small rotational differences from the orientation histogram.
Another factor was that the precision was strongly related
to the interpolation method, which in the case was bicubic
interpolation. It was also very difficult to generate rotational
images precisely with very small known rotational differences
(e.g., 1 or 2∘) by the bicubic interpolation.Therefore, when the
rotational difference was very small (e.g., <3∘), the test result
may contain small errors (e.g., error < 2∘ experimentally).
But these results with such small rotation errors were mostly
accurate to guide the iterative optimization to obtain desired
values, because the estimated value was very close to the
desired value.
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Figure 10: Simulated orientation test by edge-map basedmethod of T1MRI (Figure 2(a)) and rotated T2MRI (Figure 2(c)) images. (a) Canny
edge map of Figure 2(a). (b) Canny edge-map of Figure 2(c). (c) Magnitude spectrum of edge map of (a) in frequency domain. (d)Magnitude
spectrum of edge map of (b) in frequency domain. (e) Log-polar resample of (c). (f) Log-polar resample of (d). (g) Phase-correlation between
(e) and (f). Note that the peak value corresponded to the rotational angle 11.25∘, which was also very close to the desired value.

3.2. Application in Clinical Image Registration. The proposed
orientation detection was experimentally incorporated
into the registration of CT/MR and T1/T2 MRI images.
Four clinical cases with multimodality images under
affine transformation were registered. The image registration
process was performed on a computer with CPU 3.3GHz and
4G RAM. The computation time of the registration process
with and without the proposed method was measured, and

the time consuming of the proposed technique was also
reported in Table 4. It was found that the consuming time
of optimization iteration was reduced significantly due to
the incorporation of the proposed orientation detection.
The consumed time of the proposed method was much less
than the time consumed by iteration optimization. Since the
initial value of orientation difference is accurately estimated
by the proposed method, the initial value for the iterative
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Figure 11: Phase correlation of the polar presentation of Fourier spectrum for each image pair.

Table 3: Rotational estimation results of image pairs with synthetic
rotational angles.

Synthetic angles Test image
Brain T1 Head CT Prostate MR

1∘ 0∘ 0∘ 0∘

2∘ 1∘ 2∘ 1∘

3∘ 3∘ 4∘ 3∘

4∘ 4∘ 4∘ 4∘

5∘ 5∘ 5∘ 5∘

6∘ 6∘ 6∘ 6∘

7∘ 7∘ 7∘ 7∘

8∘ 8∘ 8∘ 8∘

40∘ 40∘ 40∘ 40∘

70∘ 70∘ 70∘ 70∘

optimization becomes closer to the desired value. Therefore,
fewer times of iterations were required to approach the
global minimum for the iterative optimization. Therefore,

the utilization of the proposed scheme dramatically
decreased the time for iteration and speeded up the
registration process with the proposed orientation detection
as shown in Table 4.

An image pair is often aligned initially based on a rigid
or affine transformation before a nonrigid transformation
for deformable medical image registration. Therefore, reg-
istration results of clinical prostate images as shown in
Figure 8(c) were also shown to demonstrate the performance
of the proposed method for preregistration to deformable
image registration. In Figures 12 and 13, the preregistration
using affine transformation with the similarity metric of
squared sum of difference (SSD) [8] was performed for
the original prostrate images. The absolute difference image
between the sensed image and the reference image before
the registration was calculated as shown in Figure 12(a),
and also the difference image between the transformed
image and the reference images after the registration was
calculated. Regions with higher intensities in the difference
image showed larger difference between the two images in
corresponding regions, and a successful registration should
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Table 4: Comparison of the iteration time of optimization with and without the proposed method.

Iteration times of optimization without
the proposed method

Iteration times of optimization with
the proposed method

Consumed time of the proposed
method (second)

Case 1 46 times (15.69 seconds) 23 times (8.08 seconds) 0.504 seconds
Case 2 109 times (36.54 seconds) 26 times (8.31 seconds) 0.522 seconds
Case 3 226 times (75.56 seconds) 25 times (8.64 seconds) 0.566 seconds
Case 4 44 times (15.17 seconds) 24 times (8.23 seconds) 0.506 seconds

(a) (b) (c)

Figure 12: Experimental results of prostate image registration under affine transformationwithout prior information of orientation difference.
(a) Difference of sense image and reference image, SSD = 0.0314. (b) Transformed image. (c) Difference of transformed image and reference
image, SSD = 0.0302. Iteration times of optimization: 12 iterations.

(a) (b)

Figure 13: Experimental results of prostate image registration under affine transformationwith the proposed orientation detection. (a) Trans-
formed image. (b) Difference of transformed image and reference image, SSD = 0.0269. Iteration times of optimization: 120 iterations.

decrease intensity values of overlap areas in difference images.
It could be observed that the difference image between the
transformed image and the reference image as shown in
Figure 12(c) did not have much changes compared with the
difference image between the sensed image and the reference
image as shown in Figure 12(a). The evaluation metric SSD
of registration performance before and after the registration
also had very little changes due to the failed optimization.The
results from the optimization cannot converge to the global

minimum without any prior information of orientation, and
the iteration was stopped quickly because the initial value
was not near the desired value and easily fell into the local
minimum.

Figure 13 showed the registration results for the prostate
images with the orientation estimation by the proposed
method. The registration performance became much bet-
ter than before, since the SSD becomes relatively smaller.
Meanwhile, more regions in the difference image between
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the transformed image and the reference image as shown
in Figure 13(b) became black, and it also indicated that the
iteration of the optimization process attained the global
minimum due to the fact that the initial value was close to
the desired value with the known orientation difference in
advance. Experimental results from Figures 12 and 13 showed
that the proposed method could significantly improve the
chances of finding the global minimum of the registration.
Therefore, the proposed technique is directly applicable to
preregistration before deformation image registration and
makes the registration process more robust and reliable.

Since the goal of preregistration by the proposed method
is to reduce the search space of the iteration optimization
and increase the robustness of the process of the registration.
The purpose of using SSD in Figures 12 and 13 was to verify
that the proposed method could significantly improve the
chances of finding the global minimum of the registration. In
Figure 12, the iterative optimization stopped at a local min-
imum with 12 iterations because the initial value is far away
from the desired value. Conversely, the iterative optimization
can find the global minimum of registration with the aid of
the proposed method for initial estimation. The registration
results of the global minimum (SSD 0.0269) appeared to
be better than the local minimum (SSD 0.0302) from the
experiments. Therefore, experimental results demonstrated
that the proposed method could be incorporated into the
general image registration and improve the chances of finding
the global minimum of the registration (robustness).

3.3. Discussion. It is striking that the estimation of rotational
differences is accurate and robust for very dissimilar images
captured for the same scene. When there are large local
differences, illumination changes, scale or rotational changes,
the process of histogram matching generates promising
results. The main reason is that the proposed method is
computed based on the global distribution of local orienta-
tions weighted by gradient magnitudes, which seems to be
robust to considerable image changes for multimodalities.
The statistic orientation histogram matching is robust to
capture the rotational differences between images. Since no
high-level features in images are required in the process, the
proposed method is very simple and robust to determine
the rotational difference between two images. The proposed
method for orientation differences estimation is able to be
used for rigid registration directly. Since if the orientation
difference between two images is known, the prealignment
becomes significantly easier after eliminating the rotational
difference between two images.Thework left from translation
estimation is then determined by mutual information-based
[28], phase correlation [26, 27] based, or cross correlation
[29] based template matching. The proposed method can
also be used in the preregistration for deformation medical
image registration due to the fact that the robustness and
reliability of the method make it possible to register very
challenging and dissimilar images because the orientation
between images could be obtained in advance even for very
dissimilar images in multimodalities. The incorporation of
the prior information of orientation detection into general

medical image registration [30] also reduces the search
space of optimization and enhances the robustness of the
registration calculation.

The overlapping area between two unregistered images
is an important factor for general image registration. It is
often assumed that the overlapping area is larger than 50%
of the image area, and registration methods have to be
robust to partial occlusion. In clinical medical images, the
scan volumes to be registered often contain same anatomic
structures of the patient but are often scanned at different
time or in different scans. Therefore, it is assumed that the
unregistered two images are almost contain the same scene
in medical images, so the red circle in Figure 7 is set to be
the largest circular region of the image as the overlapping
area for accumulation in the proposed method. A further
test of partial occlusion for the proposed method was shown
in Figure 14. Two brain T1 MRI and rotated T2 MRI images
in Figures 7(a) and 7(b) were used for the test, but the
content of rotated T2 MRI was synthetically translated to
be the shifted T2 MRI image as shown in Figure 14(a). Red
circle showed the largest circular region for accumulation.
Nonoverlap area between T1 MRI image and shifted T2 MRI
image was relatively large. Figure 14(c) showed the values of
cost functions T of histogram correlation with shift 𝑗 for
𝑗 = 0, . . . , 𝐾 − 1. The global minimum value was 349 (or
11∘), which was same to the result in Figure 7.The experiment
result demonstrated that the proposed method was very
robust to partial occlusion.

Since the gradient orientations in a neighborhood of a
straight pattern have (on average) opposite directions, the
orientation histogram appears to be symmetric from 0 to
360∘ due to the fact that about half the gradient vectors have
an opposite direction (180∘) with respect to other halves for
straight patterns in images. Figure 15(a) showed the local
orientations of straight patterns in T1 MRI image, and pixels
on one side of the straight line have totally opposite directions
with respect to the pixels on the other side. Generally,medical
images contain complex patterns including both straight
patterns and curved patterns. Therefore, the accumulated
orientation histogram is usually asymmetric since the curved
patterns do not have an opposite direction as depicted
in Figure 15(b), and the global minimum of histogram
matching corresponds to the desired value experimentally.
When the orientation histogram is symmetric if there are
mainly straight patterns in images, there will be several local
minimums in the process of histogram matching. To make
sure that there is no systematic error for symmetric histogram
matching, both the global minimum 𝜃 and 𝜃 + 180∘ should be
considered for image registration. Since the rotational angle
for clinical medical images is often not too large, the global
minimum 𝜃 can be validated by this experience.

The major difference in the image registration with and
without the proposed method is the computation iterations
(efficiency) as well as the possibility of finding the globalmin-
imum of the optimization (robustness), rather than the accu-
racy.Thus, reducing the number of iterations of optimization
(time consuming) is one advantage of the proposed method.
More importantly, increasing the possibility of finding global
minimum of optimization of image registration (robustness)



14 BioMed Research International

(a)

0 50 100 150 200 250 300 350
40
60
80

100
120
140
160
180
200
220

Orientaiton

Su
m

 o
f g

ra
di

en
t m

ag
ni

tu
de

s

(b)

0 50 100 150 200 250 300 350
1.8

2
2.2
2.4
2.6
2.8

3
3.2
3.4
3.6

L1 Norm
L2 Norm

(c)

Figure 14: Simulated test result of partial occlusion. (a) Shifted T2 MRI image which was generated by synthetically shifting the content of
rotated T2 MRI. (b) Magnitude weighted orientation histogram of shifted T2 MRI image. (c) shows the values of histogram matching. The
similarity metric is tested by L1 and L2 norm, respectively. The minimum value of the cost function T corresponds to 𝐽 = 349 along the
horizontal coordinate. The obtained orientation difference is 11∘.

(a) (b)

Figure 15: Local orientations of patterns in T1 MRI (Figure 2(a)). (a) Straight pattern. (b) Curved pattern. Note that the blue arrow shows
the local gradient orientation at each pixel, and the length of the blue arrow denotes the value of local gradient magnitude.
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is another advantage of the proposed method. Certainly,
accuracy of registration is known to be most important
in image registration, but the robustness and efficiency of
registration are very important as well. Modern computers
with more powerful performances may make the process
of time reducing meaningless. However, the success rate
of the registration (robustness) cannot be improved with
powerful computers. Experiments have demonstrated that
the proposedmethod canmake the registrationmore reliable
in the process of iterative optimization and reduced the
chances of registration failure.

This application is expected to straightforwardly extend
to 3D volumetric images, in which the local orientation is
estimated based on the smoothed structure tensor [31] in a
voxel wisemanner, followed by separating a vector of the local
orientation 𝑉 in 3D into three components 𝑉 = {𝜃, Ψ, 𝛾},
where 𝜃,Ψ, and 𝛾 are the angles between the vector and the 𝑥,
𝑦, and 𝑧 coordinate, respectively.Theorientation difference in
3D is thus converted to the histogrammatchings with respect
to 𝜃, Ψ, and 𝛾, from which the final orientation difference
between two 3D volumetric images is defined by synthesizing
Δ𝜃, ΔΨ and Δ𝛾 in the 𝑥-𝑦-𝑧 coordinate system. Without loss
of generality, the case of 2D image registration has been fully
considered for explanation in the work.

4. Conclusion

In this work, a very simple and robust method was pro-
posed to compute the rotational difference between two
multimodality images and very dissimilar monomodality
images. The proposed method is superior to the existed
edge-map based method from the experimental comparison.
Experimental results have demonstrated that orientation
detection between images is reliable and robust to consid-
erable deformations, slightly scale differences, and dissimilar
image contents. Experimental results have also demonstrated
that the incorporation of this method into image registration
both enhances the robustness of registration and significantly
speeds up the registration calculation. It is worthwhile to
note that the proposed method of orientation detection is
appropriate to be applied for image registration with rigid
transformation and nonrigid transformation, which has very
broad applications in medical image registration and other
applications in general image registration.
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Time-averaged intreatment prostate localization errors were calculated, for the first time, by three-dimensional prostate image
cross-correlation between planning CT and intrafraction kilovoltage cone-beam CT (CBCT) during volumetric modulated arc
therapy (VMAT).The intrafraction CBCT volume was reconstructed by an inhouse software after acquiring cine-mode projection
images during VMAT delivery. Subsequently, the margin between a clinical target volume and a planning target volume (PTV) was
obtained by applying the van Herk and variant formulas using the calculated localization errors. The resulting PTV margins were
approximately 2mm in lateral direction and 4mm in craniocaudal and anteroposterior directions, which are consistent with the
margin prescription employed in our facility.

1. Introduction

It is known that prostate organ moves when rectal volume
changes. Direct mechanical forces produced by rectal filling
such as gas or stool can explain this phenomenon [1]. Because
of this internal prostate organ movement, it is desirable to
reposition the patient couch by registering the prostate organ
between pretreatment cone-beam CT (CBCT) and plan-
ning CT images rather than bone-to-bone registration for
reducing treatment margins.

Another aspect is prostate motion during treatment due
to possible rectal volume changes. Intrafraction prostate
motion analysis was performed by various ways including
ultrasound imaging before and after treatment [1], embedded

fiducial markers with a portal imager [2–4], or electromag-
netic coil system [5]. The reported prostate displacement
during treatment exceeded a fewmillimeters with an increas-
ing probability for a longer delivery time [5], indicating
that a planning target volume (PTV) margin would be
underestimated if the margin was based on pretreatment
positioning errors using CBCT imaging. On the other hand, a
recent study revealed that postdelivery CBCT imaging over-
estimated the localization errors due to the delay between the
end of treatment delivery and posttreatment CBCT [6], and
the author suggested a use of combined CBCT acquisition
with online motion measurements or CBCT acquisition dur-
ing arc treatment delivery. The online motion measurement
typically requires fiducial markers and the invasive operation
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may not be always desirable, and therefore intrafraction
CBCT imaging [7–10] may be more appropriate to obtain
intrafractional localization errors. Meanwhile, for prostate
registration between planning CT and CBCT images, sta-
tistically insignificant variations were reported between gray
value correlation and automated bone-anatomy matching
followed by therapist’s manual adjustments [11], indicating
the validity of the gray value correlation technique.

It would be valuable to retrospectively verify the target
registration accuracy by comparing planning CT and intreat-
ment CBCT images acquired during volumetric modulated
arc therapy (VMAT). To the authors’ knowledge, the cal-
culation of time-averaged intrafractional tumor localization
errors based on the CBCT imaging during VMAT has not
been reported.The purpose of this study was to provide a first
result of the intrafractional prostate localization errors and
desirable PTV margins by comparing the prostate images of
the planning CT and the CBCT during VMAT delivery using
three-dimensional image cross-correlation.

2. Methods and Materials

2.1. Patients. Fourteen prostate cancer patients were treated
with VMAT from May to December 2010. Patient character-
istics are as follows: age at diagnosis (median): 73 years (range:
59–82); initial prostate-specific antigen (median): 8.25 ng/mL
(range: 4.32–47.56); clinical T stage: T1c in 5, T2a in 2, T2b in
1, T2c in 2, and T3 in 4 patients; the Gleason score (sum):
6 in 2, 7 in 7, and 8 in 5 patients. Eleven patients had
neoadjuvant hormonal therapies. Twelve plans were created
by Pinnacle v9.0 (Philips, Eindhoven, Netherland), while two
plans were created by Monaco 3.1 (Elekta AB, Stockholm,
Sweden). For both, a single arc treatment from −179 to +179
degrees (clockwise) was employed with 76Gy in 38 fractions
to PTV (D95% prescription). Every patient was treated in
supine position with a foot stand for intrafractional fixation.
Oral intake of mosapride citrate hydrate after each meal
was recommended for regular bowel movements. Written
informed consent was obtained from each patient prior to the
treatment.

2.2. IGRT Procedure for Treatments. Immediately before
treatment, CBCT images were acquired by X-ray volume
imaging (XVI) v4.2 equipped with Elekta Synergy linear
accelerator and a standard patient couch (Elekta AB, Stock-
holm, Sweden). The registration was performed between the
planning CT with a slice thickness of 2mm and the pretreat-
ment CBCT images with a cubic voxel size of 0.52mm. The
chamfer matching (bone matching) was employed first, and,
then, a slight manual correction was made if the prostate
image matching was incomplete by bone matching only.
Thereafter, the patient couch was adjusted according to the
registration result. Rotational angle correction was disre-
garded in this study because our standard couch supported
translation along each axis only.

2.3. Data Acquisition during Treatment. The XVI system
did not allow intrafraction CBCT imaging, and, therefore,

we employed cine-mode projection imaging during VMAT
delivery in order to perform CBCT imaging, where the XVI
flat panel imager operated at a resolution of 512 × 512 with
a pixel size of 0.52mm at the isocenter at a fixed frame rate
of 5.5 fps. The intrafraction CBCT with a cubic voxel size of
1mmwas reconstructed by an inhouse program based on the
algorithmdeveloped by Feldkamp et al. [15] andbyWebb [16].

2.4. Evaluation. The planning CT data were isotropically
resampled by 1mm pitch to equalize the voxel dimensions
with the CBCT data. A three-dimensional cross-correlation
between the prostate images of the resampled planning
CT and the intrafraction CBCT was calculated in each
fraction. The translational positioning errors were calculated
by searching themaximumof the cross-correlation indices by
a resolution of 1mm in the three-dimensional space where
the prostate volume is located. Parabolic interpolation was
further applied to search the maximum correlation, thereby
providing higher resolution of the calculated positioning
errors. Rotational setup errors were not reported in this study
because our couch provides translational movement only.

Subsequently, PTVmargin was obtained in three orthog-
onal directions by the van Herk formula, 2.5Σ + 0.7𝜎 [12, 13],
and its variant, 2.1Σ + 0.7𝜎 [14], for 90% of patient population
receiving at least 95% of the prescribed dose, where Σ stands
for the standard deviation of mean localization errors among
fractions for each patient and 𝜎 is the root mean square
of the standard deviation of the localization errors among
fractions for each patient. The original van Herk formula
employed a spherically symmetricmodel and the variant used
an anisotropic Cartesian coordinate model.

3. Results

The beam delivery time ranged from 120.5 to 197.0 seconds
with a median of 133.3, whereas monitor units varied from
462.1 to 742.6 with a median of 602.7. Ten minutes were
always allocated for each patient from entering the linac
room to leaving the room. Figure 1 shows planning CT
and intrafraction CBCT axial images during VMAT deliv-
ery for 14 prostate cancer patients. Figures 2(a)–2(c) show
histograms of calculated localization errors in 𝑥, 𝑦, and 𝑧
directions for each fraction of 14 prostate cancer patients,
with 𝑥-axis going from left to right, 𝑦-axis going from
anterior to posterior, and 𝑧-axis going from cranial to caudal
directions.

Table 1 shows resulting intrafractional prostate localiza-
tion errors and PTV margins calculated by the van Herk
formula and its variant, again with 𝑥-axis going from left
to right, 𝑦-axis going from anterior to posterior, and 𝑧-axis
going from cranial to caudal directions. Mean shows patient
average of mean localization errors among fractions for each
patient. The definitions of Σ and 𝜎 were described earlier.
Calculated PTV margins were approximately 2mm in lateral
direction and 4mm in craniocaudal and anteroposterior
directions.
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Figure 1: Prostate axial images of the planning CT and intrafraction cone-beam CT (CBCT) during volumetric modulated arc therapy for
14 prostate patients. The planning CT data were isotropically resampled by 1mm pitch to equalize the voxel dimensions with the CBCT
data. Three-dimensional image cross-correlation of the prostate volume between the planning CT and the CBCT data was calculated in each
fraction and the translational positioning errors were calculated by searching the maximum of the cross-correlation.

4. Discussion

The calculated mean error in each direction was less than
1mm as shown in Table 1. The present result may include

mechanical errors caused by the treatment couch. Consid-
ering that the couch drive mechanism has a translation
resolution of 1mm, it may be concluded that the system
worked properly within its precision. Calculated Σ and 𝜎
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Figure 2: Histograms of calculated localization errors relative to the planning CT isocenter in (a) 𝑥, (b) 𝑦, and (c) 𝑧 directions for 14 prostate
cancer patients, with 𝑥-axis going from left to right, 𝑦-axis going from anterior to posterior, and 𝑧-axis going from cranial to caudal directions.

Table 1: Localization errors and planning target volume (PTV)
margin calculated by the van Herk formula and Yoda’s variant
using 14 prostate patient data, with 𝑥-axis going from left to right,
𝑦-axis going from anterior to posterior, and 𝑧-axis going from
cranial to caudal directions. Mean shows patient average of mean
localization errors among fractions for each patient. Σ shows the
standard deviation of mean localization errors among fractions for
each patient.𝜎 shows the rootmean square of the standard deviation
of the localization errors among fractions for each patient.

𝑥 (mm) 𝑦 (mm) 𝑧 (mm)
Mean 0.28 0.49 0.79
Σ 0.67 1.22 1.38
𝜎 0.66 1.85 1.35
Van Herk [12, 13] 2.1 4.3 4.4
Yoda and Nakagawa [14] 1.9 3.9 3.9

correspond to systematic and random errors, respectively [12,
13], andwe obtained relatively larger errors in anteroposterior
and craniocaudal directions compared to errors in lateral

direction,which agreeswith previous reports [1, 3, 5]. Because
of the spatial relationship between prostate and rectum
on a sagittal plane, direct mechanical force may lead to
prostate movement toward anteroposterior and craniocaudal
directions, which may explain the above results.

We have employed two different formulas for calculating
the PTV margin, where the original van Herk formula
employed a spherically symmetric model and the variant
used an anisotropic Cartesian coordinate model which may
provide more accuracy. Unless Σ exceeds 2.5mm (which is
unlikely under prostate CBCT image guidance), the differ-
ence between the two formulas is less than 1mm and is
therefore considered negligible. In our facility, an isotropic
PTV margin of 5mm was employed except in a posterior
margin of 4mm, which is justified by the calculated results
shown in Table 1. In other words, our prostate registration
using bone matching followed by slight manual correction
is practically self-consistent with the current margin pre-
scription employed in our facility. Meanwhile, satisfying
biochemical control with few serious adverse events has been
observed thus far.
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It was reported that prostate displacements of greater than
3mm were detected at 5min after initial alignment in 13%
of all the fractionated deliveries and increased to 25% by
10min [5]. We can therefore anticipate that minimizing the
treatment time may also minimize intrafraction registration
errors. Besides, it is known that VMAT provides less treat-
ment time compared to other techniques. For example, in
this study, the VMAT treatment time ranged from 90 to 130
seconds, which is much faster than the five-field conformal
radiotherapy mentioned above. Consequently, VMAT may
be the most appropriate delivery option for minimizing
intrafraction registration errors.

Limitations of the present procedure may be that the
intrafraction CBCT imaging does not provide real-time
tumor position but only time-averaged position data and a
small dose (typically an order of 1 cGy) will be absorbed in
a patient body. Nevertheless, the present analysis may be
useful to determine a reasonable margin in an institution. It
is also important to note that no delineation uncertainty was
considered in the margin calculations. This may lead to an
underestimation of the PTV margin [17].

In conclusion, time-averaged localization errors were cal-
culated using cross-correlation of the prostate organ images
between planning CT and intrafraction CBCT, and PTV
marginswere derived using the vanHerk formula aswell as its
variant in three orthogonal directions. It was confirmed that
our margin prescription is self-consistent with our prostate
registration procedure. Lastly, the proposed procedure is fully
noninvasive thereby providing much wider applicability.
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This study aims to evaluate the radiosensitization effect of nedaplatin on nasopharyngeal carcinoma (NPC) cell lines with different
Epstein-Barr virus (EBV) status. Human NPC cell lines CNE-2 (EBV-negative) and C666 (EBV-positive) were treated with 0–
100 𝜇g/mL nedaplatin, and inhibitory effects on cell viability and IC

50
were calculated by MTS assay. We assessed changes in

radiosensitivity of cells by MTS and colony formation assays, and detected the apoptosis index and changes in cell cycle by
flow cytometry. MTS assay showed that nedaplatin caused significant cytotoxicity in CNE-2 and C666 cells in a time- and dose-
dependent manner. After 24 h, nedaplatin inhibited growth of CNE-2 and C666 cells with IC

50
values of 34.32 and 63.69 𝜇g/mL,

respectively. Compared with radiation alone, nedaplatin enhanced the radiation effect on both cell lines. Nedaplatin markedly
increased apoptosis and cell cycle arrest in G2/M phase. Nedaplatin radiosensitized human NPC cells CNE-2 and C666, with a
significantly greater effect on the former. The mechanisms of radiosensitization include induction of apoptosis and enhancement
of cell cycle arrest in G2/M phase.

1. Introduction

Nasopharyngeal carcinoma (NPC) is an epithelial malig-
nancy that is common in regions of Southeast Asia and
Southern China [1]. As symptoms are insidious in the early
stage, the majority of patients are diagnosed at an advanced
stage. At present, concurrent chemoradiotherapy is the stan-
dard treatment for locally advanced NPC, and platinum-
based chemotherapy is used most commonly [2]. Epstein-
Barr virus (EBV) infection is a risk factor for NPC. Some
studies have shown that EBV infection plays an important
role in oncogenesis and development of NPC and that it also
correlates with tumor load [3, 4].

Nedaplatin is a second-generation platinum drug, which
has a radiosensitization effect on NPC [5]. However,

the mechanisms of radiosensitization and whether it differs
according to EBV infection status have not been reported.
This is believed to be the first study describing the different
radiosensitization effect at different stages of EBV infection
and the mechanism involved.

2. Materials and Methods

2.1. Cell Culture and Drugs. Nedaplatin (Jiangsu Aosaikang
Pharmaceutical Co. Ltd., China) was dissolved in 0.9% NaCl
solution. Human NPC cells (Cancer Institute of Sun Yat-sen
University, China) CNE-2 (EBV-negative) and C666 (EBV-
positive) were maintained in RPMI-1640 medium (10% fetal
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bovine serum, 100U/mL penicillin, and 0.1mg/mL strepto-
mycin). These cells were incubated at 37∘C in a humidified
atmosphere of 5% CO

2
.

2.2. MTS Cell Viability Assay. Cells were plated at a density
of 2 × 103 cells/mL in 96-well plates and allowed to attach
for 24 h, resulting in log phase growth at the time of drug
treatment. Nedaplatin (0, 0.25, 0.5, 1, 2, 5, 10, 20, 50, and
100 𝜇g/mL) was added to the wells, and cell viability was
measured after 24, 48, and 72 h using anMTS assay (Promega,
Madison, WI, USA) with a microplate reader at 490 nm [6].
Cell viability was expressed as a percentage of the value
for control cultures. The cytotoxic effects of NDP on cells
were expressed as 50% inhibitory concentration (IC

50
) values,

whichwere calculated by SPSS software.All experimentswere
carried out in triplicate.

2.3. Colony Formation Assay. Cells (from 100 to 1 × 105
cells) in 60 × 15mm culture dish were seeded in triplicate
and divided into six groups: control group (C group), radio-
therapy group (RT group), chemotherapy group 1 (NDP1
group), chemotherapy group 2 (NDP2 group), combination
group 1 (RT + NDP1 group), and combination group 2 (RT
+ NDP2 group). Concentrations of nedaplatin in the NDP1
and RT + NDP1 groups (IC

5
) were 0.34 𝜇g/mL (CNE-2)

and 0.69 𝜇g/mL (C666) and in the NDP2 and RT + NDP2
groups (IC

10
) 0.64 𝜇g/mL (CNE-2) and 1.27 𝜇g/mL (C666),

respectively. After allowing cells to attach to the dishes, cells
of each group were treated with nedaplatin solution of corre-
sponding concentration, whereas cells in theC andRTgroups
were without nedaplatin solution. After culture for a further
24 h and being replaced with serum containing RPMI-1640
medium, cells were radiated at 0, 2, 4, 6, and 8Gy. Cells were
incubated for 14 d to allow colony growth, and colonies were
stainedwithGiemsa stain. Colonies containing≥50 cells were
counted and the plating efficiency was calculated by dividing
the average number of colonies per dish by the number
of cells plated. Survival fraction (SF) was calculated by
normalization to the plating efficiency of appropriate control
groups [7]. The above procedures were repeated three times.

2.4. Flow Cytometry. Cells were digested by 0.25% trypsin,
seeded in six-well plates (5 × 105 cells/well), and placed in
nedaplatin solution at various concentrations (NDP1 and
NDP2, see Section 2.3 above). For cell cycle analysis, cell cul-
ture was terminated after 24 h (Control, NDP1, and NDP2).
For apoptosis analysis, cells were treated as described above
(Control, RT, NDP1, NDP1 + RT, NDP2, and NDP2 + RT, see
Section 2.3 above). Cells were collected by centrifugation at
1000 r/min, fixed with 70% ice-cold ethanol, adjusted to 1 ×
109/L, and stained with AnnexinV-fluorescein isothiocyanate
(FITC)/propidium iodide (PI) for detecting apoptosis and PI
for detecting cell cycle distribution (30min, opaque back-
ground). Apoptosis and cell cycle distribution were detected
by flow cytometry (Coulter EPICS XL, Coulter corp., USA)
and data were analyzed by Multicycle software. The above
procedures were also repeated three times.

2.5. Statistical Analysis. Statistical analysis was performed
using GraphPad 5.0 and SPSS 18.0 software. All data were
expressed as mean ± SD. Intergroup comparison was per-
formed by one-way analysis of variance and pairwise com-
parison by least-significant difference and Student-Newman-
Keuls (S-N-K) test. 𝑃 < 0.05 was considered statistically
significant.

3. Results

3.1. Cell Viability Explored by MTS Assay. In order to
select the experimental concentrations for radiosensitiv-
ity research, the cytotoxicity of nedaplatin to CNE-2 and
C666 cells was determined. Nedaplatin inhibited CNE-2 and
C666 cell growth in a time- and dose-dependent manner
(Figures 1(a)–1(c)). IC

50
values for CNE-2 and C666 cell lines

were 34.32 and 63.69 𝜇g/mL at 24 h, 3.95 and 2.77 𝜇g/mL at
48 h, and 1.17 and 1.09 𝜇g/mL at 72 h, respectively. At 24 h,
IC
5
values of CNE-2 and C666 were 0.34 and 0.69 𝜇g/mL,

respectively, whereas IC
10

values of CNE-2 and C666 were
0.64 and 1.27 𝜇g/mL.

3.2. Nedaplatin Enhances Antitumor Growth Effect of
Radiation on CNE-2 and C666 Cells. To evaluate whether
nedaplatin pretreatment enhanced radiation-induced cell
death, cell death by irradiation alone (RT) and in combination
with nedaplatin (RT + NDP1 and RT + NDP2) was tested by
MTS assay. As shown in Figure 2, theOD values of the RT, RT
+ NDP1, and RT + NDP2 groups in both cell lines decreased
in a dose- and time-dependent manner after 4 Gy radiation.
Similarly, the survival rates of the two cell lines in each
group were shown in Table 1. Compared with the control
group (radiation alone), cell survival rate decreased at 24
hours, 48 hours, and 72 hours in nedaplatin groups (one-way
ANOVA, 𝑃 < 0.05). Difference also existed between the two
nedaplatin treatment groups (S-N-K test, 𝑃 < 0.05).

3.3. Colony Formation Assay. Cells were treated with
nedaplatin for 24 h, and SF was calculated from the
number of clones after radiation of 0, 2, 4, 6, and 8Gy
(Figures 3(a) and 3(c)). Compared with the RT group, the
SF of the RT + NDP1 and RT + NDP2 groups decreased
significantly with each dose of radiation. The survival curves
of CNE-2 and C666 cells, which were generated according
to SF by single-hit multitarget models (𝑅2 > 0.998),
changed markedly (Figures 3(b) and 3(d), and Table 2). This
indicated that the radiosensitivity of CNE-2 and C666 cells
was significantly increased. The SF at 2 Gy (SF2) and the
values of 𝐷

0
and 𝐷

𝑞
in CNE-2 cells were 0.47, 2.20Gy, and

0.55Gy in the control group, respectively; 0.26, 1.45Gy, and
0.03Gy in the RT + NDP1 group (lower concentration); and
0.14, 1.01 Gy, and 0.01 Gy in the RT + NDP2 group (higher
concentration). The corresponding values in C666 cells were
0.53, 2.55Gy, and 0.84Gy in the control group; 0.33, 1.75Gy,
and 0.43Gy in the RT + NDP1 group; and 0.20, 1.21 Gy, and
0.17Gy in the RT + NDP2 group (Table 2). Sensitization
enhancement ratio (SER

𝐷
0

) of CNE-2 and C666 cells in
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Table 1: Survival rates in each group after radiation of 4Gy.

CNE-2 C666
RT RT + NDP1 RT + NDP2 RT RT + NDP1 RT + NDP2

Survival rate (%)
24 hrs 90.0 ± 0.3 80.2 ± 0.5 53.3 ± 0.7

∗
92.3 ± 0.2 77.7 ± 0.2

∗
53.8 ± 0.2

∗

48 hrs 76.7 ± 0.1 60.0 ± 0.6
∗

40.0 ± 0.2
∗

61.5 ± 0.7 44.6 ± 0.9
∗

34.6 ± 0.3
∗

72 hrs 66.7 ± 0.7 40.2 ± 0.4
∗

30.0 ± 0.6
∗

50.3 ± 0.3 36.2 ± 0.4
∗

23.1 ± 0.4
∗

∗
𝑃 < 0.05 was considered to indicate a statistically significant difference.
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Figure 1: Toxicity of nedaplatin (NDP) on human NPC cells. NPC cells were incubated with various concentrations (0, 0.25, 0.5, 1, 2, 5, 10,
20, 50, and 100𝜇g/mL) of NDP; cell viability was measured after 24 h (a), 48 h (b), or 72 h (c) by MTS assay.

the RT +NDP1 group was 1.52 and 1.46, respectively, whereas
in the RT + NDP2 group, it was 2.18 and 2.11.

3.4. Influence of Nedaplatin on Cell Cycle Distribution. Cell
cycle analysis by flow cytometry showed that the propor-
tion of cells in G2/M phase was significantly higher after

nedaplatin treatment (one-way ANOVA, 𝑃 < 0.05). There
was also a significant difference between the two nedaplatin
treatment groups (S-N-K test, 𝑃 < 0.05). This indicated
that nedaplatin influenced the distribution of NPC cells in
each phase of the cell cycle (Table 3), especially at higher
concentrations.
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Figure 2: Effects of radiation (4Gy), RT + NDP1 and RT + NDP2, on the proliferation of CNE2 (a) and C666 (b) cell lines in 72 hours. The
growth inhibition curves of cells were generated by MTS assays from three replicate experiments (𝑃 < 0.05).
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Figure 3: Survival curves of CNE-2 and C666 cells were generated according to SF by single-hit multitarget models. 𝑅2 values were all above
0.998, which indicate the excellent performances in goodness of fit.
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Table 2: Parameters of NPC cells in single-hit multitarget model under different conditions.

Parameters CNE-2 C666
RT RT + NDP1 RT + NDP2 RT RT + NDP1 RT + NDP2

𝐷
0

2.20 1.45 1.01 2.55 1.75 1.21
𝐷
𝑞

0.55 0.03 0.01 0.84 0.43 0.17
SF2 0.47 0.26 0.14 0.53 0.33 0.20
SER — 1.52 2.18 — 1.46 2.11
𝐷0: lethal radiation dose;𝐷𝑞: quasi-threshold dose; SF2: fraction of cells surviving after 2Gy radiation; SER: radiosensitization ratio (sensitization enhancement
ratio), calculated as𝐷0 for the control group divided by𝐷0 for the treatment group.

Table 3: Cell cycle distribution in each group with different NDP concentrations.

Proportion (%) CNE-2 C666
Control NDP1 NDP2 Control NDP1 NDP2

G0/G1 47.77 ± 1.41 31.08 ± 1.21 25.03 ± 1.35 46.11 ± 2.70 37.48 ± 1.12 32.04 ± 1.20

S 48.74 ± 1.61 51.37 ± 0.54 42.88 ± 0.62 50.24 ± 2.17 48.77 ± 1.50 37.85 ± 1.44

G2/M 3.49 ± 0.25 17.55 ± 0.55
∗

32.09 ± 0.48
∗

3.65 ± 0.18 13.75 ± 0.51
∗

30.11 ± 0.77
∗

∗indicates 𝑃 < 0.05 in comparison between control and NDP groups in the two human NPC cell lines and between NDP1 and NDP2 groups.

Table 4: Apoptosis rate of two cell lines after radiation of 4Gy.

Control RT NDP1 NDP2 RT + NDP1 RT + NDP2
Apoptosis rate (%)

CNE-2 2.30 ± 0.10 4.55 ± 0.12 2.50 ± 0.31 2.70 ± 0.18 9.02 ± 0.75
∗

14.55 ± 0.45
∗

C666 2.12 ± 0.23 4.02 ± 0.33 2.68 ± 0.40 2.77 ± 0.22 7.11 ± 0.32
∗

10.36 ± 0.58
∗

∗indicates 𝑃 < 0.05 in comparison between RT and RT + NDP groups in the two human NPC cell lines and between RT + NDP1 and RT + NDP2 groups.

3.5. Apoptosis Induced by Nedaplatin at Different Concen-
trations. After 4Gy radiation, the apoptosis rate of CNE-2
cells and C666 cells in the control, RT, NDP1, NDP2, RT +
NDP1, and RT + NDP2 groups was showed, respectively, in
Table 4. The percentage of apoptotic CNE-2 and C666 cells
markedly increased with combined NDP and radiation (one-
way ANOVA, 𝑃 < 0.05). Apoptosis percentage was also
higher in RT + NDP2 group than in RT + NDP1 group (S-
N-K test, 𝑃 < 0.05).

4. Discussion

Nedaplatin is one of the second-generation platinum drugs,
which has similar molecular structure and pharmacological
mechanisms to cisplatin. However, nedaplatin has lower
hepatic and renal toxicity and has no cross-resistance with
cisplatin [5]. In this study, we found that nedaplatin had
excellent antineoplastic activity and exerted an inhibitory
effect on NPC cells at different stages of EBV infection, in a
time- and dose-dependent manner. Some studies [8–10] have
demonstrated that concurrent chemoradiotherapy based on
nedaplatin is safe, effective, andwell tolerated by patients with
carcinoma of the esophagus, lung, or uterine cervix and that
nedaplatin has good radiosensitization effects. The present
study is believed to be the first to compare the radiosensi-
tization effect of nedaplatin on NPC cells at different stages
of EBV infection. The effect of nedaplatin at low toxicity
concentrations was detected by MTS and clone formation

assays.We found that, at a given dose of radiation, the survival
rate of cells in the combined chemoradiotherapy group was
reduced significantly more than in the radiation alone group,
and the reduction was correlated positively with the dose
of nedaplatin. Thus, nedaplatin induces radiosensitization
and can decrease the survival rate of carcinoma cells when
administered concurrently with radiotherapy.

Clone formation assay is one of themost reliablemethods
to detect cell survival and is the gold standard for detecting
radiosensitivity [11]. In our study, clone formation assay
confirmed the results of the MTS assay. All radiosensitiza-
tion parameters calculated by single-hit multitarget model
decreased in the chemoradiotherapy group. The parameters
included 𝐷

0
, 𝐷
𝑞
, and 𝑁. 𝐷

0
is the dose at which 63% of the

cells are killed or 37% of the cells survive, and it represents
the mean lethal dose or the mean inactivation dose. 𝑁 is
the number of radiosensitive areas in the cells. 𝐷

𝑞
is the

width of the survival curve shoulder, in which cells can
repair nonlethal damage.𝐷

𝑞
represents the necessary dose in

which cells are killed exponentially. In this study, we found
that 𝐷

𝑞
and 𝑁 decreased as the concentration of nedaplatin

increased, which reduced repair of sublethal damage. This
may be the radiosensitization mechanism of nedaplatin.

It has been demonstrated that oncogenesis of NPC
correlates with EBV infection. Patients with NPC commonly
have EBV infection. And EBV viral load is closely related
to recurrence, metastasis, and therapeutic efficacy of NPC
[12, 13]. Lo et al. [14] reported that the median EBV-DNA
level in serum was significantly higher in advanced-stage
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compared with early-stage NPC patients and that after radio-
therapy themedian EBV-DNA level in patients who exhibited
evidence of disease persistence or had developed distant
metastases was also significantly higher than in patients
with complete tumor regression. Some other studies showed
similar results [15–17] and reported that, in NPC patients,
high levels of serum EBV antibodies or EBV-DNA were
negatively correlated with prognosis and overall survival.

In the present study, SF2 of C666 EBV-positive cells was
higher than that of CNE-2 EBV-negative cells. This indicates
that the former are more tolerant to radiation than the latter.
SER
𝐷
0

of nedaplatin in CNE-2 cells was 1.52 (NDP1) and
2.18 (NDP2) whereas that in C666 cells was 1.46 (NDP1) and
2.11 (NDP2). This indicates a difference of radiosensitization
effect of nedaplatin on NPC cells at different stages of EBV
infection. The radiosensitization effect on CNE-2 cells was
more effective than that on C666 cells. So, when nedaplatin
is used for radiosensitization clinically, the status of EBV
infection should be considered, and the dose of nedaplatin
and radiation should be adjusted according to the EBV viral
load in patients.

In previous studies, it has been demonstrated that tumor
radiosensitivity is related to many factors, including tumor
microenvironment, such as hypoxia, apoptosis, cell cycle
regulation, and DNA repair dysfunction [18]. Cell cycle
regulation is one of the most important determinants for
tumor radiosensitivity. Cells in the G2/M phase are most
sensitive to radiation whereas those in the S phase are
resistant [19]. Researchers have achieved radiosensitization
via cell cycle arrest in G2/M phase by taxanes or gene therapy
[20, 21]. Apoptosis is the main mechanism of cell death after
radiation, and the apoptosis index correlates positively with
tumor radiosensitivity [22]. So enhancement of apoptosis
is another mechanism in radiosensitization effects. In the
present study, low concentrations of nedaplatin were chosen
to reduce its cytotoxicity on radiosensitization results. The
enhancement of apoptosis and the number of cells at G2/M
phase due to nedaplatin may be the mechanism of radiosen-
sitization. We also found enhancement of apoptosis index
after combining nedaplatin and radiation and considered this
to be another mechanism of radiosensitization. However,
the correlation between radiosensitivity and the tendency
towards cell cycle changes, and the interaction between cell
cycle and apoptosis is complicated. Further research is needed
to clarify these.

In conclusion, nedaplatin has a radiosensitization effect
on human NPC cells CNE-2 and C666. The effect on CNE-
2 cells is significantly more effective than that on C666
cells, which shows a dose-effect relationship.Themechanisms
may include cell cycle arrest in G2/M phase, induction of
apoptosis, and reduction of repair of sublethal damage.
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The aim of this study was to evaluate the efficacy of helical tomotherapy plus capecitabine as a preoperative chemoradiotherapy
(CRT) in patients with locally advanced rectal cancer (LARC).Thirty-six LARC patients receiving preoperative CRTwere analyzed.
Radiotherapy (RT) consisted of 45Gy to the regional lymph nodes and simultaneous-integrated boost (SIB) 50.4Gy to the tumor,
5 days/week for 5 weeks. Chemotherapy consisted of capecitabine 850mg/m2, twice daily, during the RT days. Patients underwent
surgery 6–8 weeks after completion of CRT. Information was collected for patient characteristics, treatment response, and acute
and late toxicities. Grade 3/4 (G3+) toxicities occurred in 11.1% of patients (4/36). Sphincter preservation rate was 85.2% (23/27).
Five patients (14.3%) achieved pathological complete response. Tumor, nodal, and ypT0-2N0 downstaging were noted in 60%
(21/35), 69.6% (16/23), and 57.1% (20/35). Tumor regression grade 2∼4 was achieved in 28 patients (80%). After a median follow-up
time of 35months, themost commonG3+ late morbidity was ileus and fistula (5.7%, 2/35).The study showed that capecitabine plus
helical tomotherapy with an SIB is feasible in treatment of LARC.The treatment modality can achieve a very encouraging sphincter
preservation rate and a favorable ypT0-2N0 downstaging rate without excessive toxicity.

1. Introduction

Since randomized studies have demonstrated that the use
of preoperative chemoradiotherapy (CRT) can achieve less

acute toxicity and better sphincter preservation rates and
reduce the risk for local recurrence, neoadjuvant treat-
ment has become a standard treatment modality in locally
advanced rectal cancer (LARC) [1, 2]. In comparison to
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preoperative radiotherapy (RT) alone, the results of two
randomized trials, the European Organization for Research
and Treatment of Cancer 22921 trial and the Fédération
Francophone de Cancérologie Digestive 92933 trial, have
demonstrated that adding fluorouracil-based chemotherapy
to RT preoperatively can achieve better local control and
downstaging in LARC [3, 4]. As a result, preoperative 5-
fluorouracil- (5-FU-) based chemotherapy, in combination
with RT, has become the accepted CRT regimen in the
neoadjuvant treatment of LARC [2].

Despite the advantages of CRT described above, this
therapy has been associated with significant toxicities. For
example, in a study by the German Rectal Cancer Study
Group, acute and late grade 3/4 (G3+) toxicities were noted in
27% and 14%of LARCpatients following 5-FU chemotherapy
[1]. Previous studies have shown that replacement of infu-
sional 5-FU with oral capecitabine decreased these toxicities
and the possible complications accompanying the use of a
venous access device [5, 6]. However, the possible morbidity
related to RT remains another major concern in LARC
patients.

For all organs at risk (OAR) in RT, the small bowel (SB) is
a radiosensitive organ. Previous studies have demonstrated
the irradiated volume of SB as a predictive key factor for
gastrointestinal (GI) toxicities [7, 8]. The TomoTherapy Hi-
Art II System (TomoTherapy Inc., Madison, WI), which fully
integrates intensity-modulated radiation therapy (IMRT) and
image-guided radiation therapy (IGRT) by combining a lin-
ear accelerator, amegavolt (MV) computed tomography (CT)
scanner, and a multileaf collimator system, was developed
[9]. This combination allows for a more precise delineation
of the planning target volume (PTV) and the most accurate
irradiation delivery possible. Helical tomotherapy has been
clinically shown to decrease the irradiated volume of normal
tissue during high-dose RT compared with conventional RT
for LARC [10].

Few studies to date have focused on the clinical applica-
tion of preoperative helical tomotherapy with capecitabine in
LARC. The aim of this observational study was to evaluate
the efficacy and safety of helical tomotherapy combined with
capecitabine as a neoadjuvant treatment in patients with
LARC.

2. Materials and Methods

2.1. Patients. Between January 2008 and December 2012, 36
patients with LARC (T3/T4 disease or any clinically positive
N-stage) located within 10 cm from the anal verge were
enrolled in the study. This study was approved by the Ethics
Committee of Kaohsiung Medical University Hospital in
2007. The details of the baseline assessment before CRT have
been previously reported [6]. Informed consent was obtained
from all patients.

2.2. Concurrent Chemoradiotherapy. All patientswere treated
with capecitabine (850mg/m2, twice daily, 5 days/week,
during the days when RT was administered). RT was carried
out using the TomoTherapy Hi-Art II System. All patients

underwent planning computed tomography (CT) using a
helical CT scanner (Philips, Brilliance 16CT) with a 3mm
slice thickness. Patients were asked to urinate and then drink
250mL of water 30 minutes before the planned CT and each
treatment session.

The GTV was contoured on the Philips Pinnacle treat-
ment planning system (version 8.0; ADAC Laboratories,
Milpitas, CA), taking into consideration all clinical infor-
mation, including digital rectal examination, endoscopy, and
all imaging to identify the primary tumor and enlarged
regional lymph nodes, with generous coverage to the adja-
cent presacral space. The GTV-tumor (GTV-T) and GTV-
node (GTV-N) were delineated using information from the
diagnostic CT and magnetic resonance imaging (MRI). The
clinical target volume (CTV) included the GTV-T and GTV-
N (if any), the presacral nodes, the complete mesorectum,
and the common and internal iliac lymph nodes. The MRI
(axial T2 weighted turbo spin echo; 3mm slice thickness) was
used as reference radiologic image to delineate the primary
tumor and itsmesentery. Lymphnodes along the internal iliac
and inferior mesenteric vessels were delineated on CT scan
(window, 500; level, 750).

The CTV 45Gy included a minimum of 2 cm of normal
rectum beyond the GTV (primary tumor) in addition to
the entire mesorectum and the internal iliac, presacral,
and lower common iliac lymph nodes up to the sacral
promontory and inferiorly at least to the anal-rectal junc-
tion. RT was delivered in 25 fractions, 5 days/week, for 5
weeks (1.8 Gy/fraction). All patients received a simultane-
ously administered simultaneous-integrated boost (SIB) to
50.4Gy applied to their primary tumor and gross nodal
disease (CTV 50.4Gy). The CTV 45Gy was expanded 1 cm
toward the plan target volume (PTV 45Gy), and a less
conservative CTV-PTV margin of 0.5 cm was applied for the
CTV 50.4Gy. PTV was subtracted away from the skin 3mm
for this treatment. Before each treatment session, patients
underwent scanning using the integrated MV-CT modality
and were repositioned after coregistration of these images
with the planning kV-CT scan.The small bowel, bladder, and
femoral head were delineated as OAR.The entire bladder and
individual loops of small bowel and their mesentery were
contoured from mid L4 to the lowest extent in the pelvis,
and the bladder was fully contoured. The goals were to give
at least 95% of the prescribed dose to at least 95% of the
PTV, while minimizing the volume of small bowel receiving
15Gy. Limited volumes of small bowel volume were allowed
to exceed 45Gy if adjacent to the boost volume, but not to
exceed 50Gy. The irradiated volume of bladder that received
more than 21Gywas kept to less than 50%or lower if possible.
The maximum bladder dose was kept from exceeding 50Gy.
The proximal femora were constrained from receiving more
than 40Gy.

Patients were evaluated weekly during the course of CRT
to assess the acute toxicity. Acute toxicity was monitored
using the National Cancer Institute Common Toxicity Cri-
teria, version 3.0 (http://ctep.cancer.gov/reporting/ctc.html;
accessed in December 2011). Principles for dose modifi-
cation or discontinuation of CRT have been previously
reported [6].
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2.3. Surgery. Patients underwent surgery 6–8 weeks after
completion of CRT. All operations were carried out by
the two specialist colorectal surgeons at a single institu-
tion. Anal sphincter-sparing surgery was performed when-
ever possible with primary anastomosis and/or temporary
diverting stomas [11]. Perioperative complications (within
60 days after surgery) [12] were confirmed either clinically
or radiographically using CT scan. Patients were followed
monthly in the postoperative first year, every 3 months for
3 years, and twice a year thereafter. Abdominal CT scan
was performed when warranted by clinical symptoms or
examinations.

2.4. Late Morbidity. Late toxicity was recorded according
to the objective criteria of the Radiation Therapy Oncology
Group (RTOG)/European Organization for Research and
Treatment of Cancer (EORTC) scale with respect to the late
adverse effects of RT [13]. Late toxicity has been scored 61
days after the surgery [12]. Late severe adverse effect (SAE)
was recognized when it met any of the following criteria:
toxic death, G3+ toxicities, and requiring major surgical
intervention or hospitalization.

2.5. Study Endpoints. All patient data were collected using
hospital electronic record and chart review. The primary
endpoint was to determine the efficacy of the treatment
modality in LARC. Efficacy was assessed by determining
the results of pathological complete response (pCR), tumor
(T) downstaging rate, nodal (N) downstaging, ypT0-2N0
downstaging, tumor regression grade (TRG), and sphincter
preservation rate for low-lying rectal cancer. A pCR was
defined as the absence of any viable tumor cell in the
tumor specimen, including regional lymph nodes. T and N
downstaging were defined as reductions in T and N stages
by at least one level. The TRG of the primary tumor was
determined by the same pathologist based on the tumor
regression grading system initially described byDworak et al.
[14]. The secondary endpoint was to determine the safety of
the treatment modality in LARC. Safety was assessed mainly
by the proportion of patients who experienced G3+ acute
toxicities during CRT, perioperative complications, and late
SAE.

2.6. Statistical Analysis. All data were analyzed using the
Statistical Package for the Social Sciences, version 18.0 (SPSS
Inc., Chicago, IL). An independent 𝑡-test was used for
comparison of continuous variables. Categorical data were
analyzed by the Pearson chi-square test or Fisher’s exact
test (two-sided). A 𝑃 value less than 0.05 was considered
statistically significant.

3. Results

3.1. Patients Characteristics. Thirty-six (19 men and 17
women; median age, 63 years (range, 34–81 years)) patients
were analyzed, and their characteristics are summarized in
Table 1. A full RT dose and capecitabine dose were delivered
in 94.4% (34/36) and 88.9% (32/36) of patients, respectively.

Table 1: Characteristics of the studied patients.

Case number 𝑁 (%)
Age (years) median 63.0 (range, 34–81)
Gender

Male 19 (52.8)
Female 17 (47.2)

ECOGa performance status
0 35 (97.2)
1 1 (2.8)

Distance from anal verge
≤5 cm 27 (75.0)
>5 cm 9 (25.0)

Clinical tumor stage (T)
T3 35 (97.2)
T4 (T4a + T4b) 1 (2.8)

Initial nodal stage (N)
N0 13 (36.1)
N1 15 (41.7)
N2 8 (22.2)

Tumor differentiation
Well 3 (8.3)
Moderate 29 (80.6)
Poorly 1 (2.8)
Uncertain type 3 (8.3)

Diabetes mellitus
Yes 9 (25.0)
No 27 (75.0)

Operation methods
Low anterior resection 14 (38.9)
Radical proctectomy with coloanal anastomosis 15 (41.7)
Abdominoperineal resection 4 (11.1)
Transanal excision 2 (5.6)
No definite surgery 1 (2.8)

Case number 𝑁 = 27 (%)
Sphincter-preserving surgery
(tumor ≤5 cm from anal verge)

Yes 23 (85.2)
No 4 (14.8)

Follow-up time (months)
median 35
range 15–65

aEastern Cooperative Oncology Group.

3.2. Acute Toxicities. All patients in the study were assessable
for acute toxicities, which are listed in Table 2. The most
common acute adverse events encountered were dermatitis
(75%), followed by diarrhea (69.5%). Of all the patients with
dermatitis, 77.8% had low-lying rectal tumors. Four patients
(11.1%) developed G3 acute toxicities, and all of the G3 acute
toxicities in the study were diarrhea. There was no G3+
hematologic toxicity and no G4 nonhematologic toxicity
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reported. Fortunately, all of the severe toxicities encountered
in the study could be ameliorated after adequate conservative
treatment. No patient in this study withdrew from CRT
because of any intolerable toxicity. All patients finished their
preoperative CRT without treatment interruptions.

3.3. Sphincter Preservation. After completion of CRT, 35
patients underwent definitive surgery. One patient declined
surgery after CRT and was excluded from the assessment
of efficacy, perioperative complications, and late morbidity.
Surgery was performed after a median interval of 42 days
(range: 27–56 days). The types and numbers of operations
performed are listed in Table 1. The surgical result was
classified as R0 resection in 33 patients (94.3%). Twenty-
seven of the 36 patients (75%) had low-lying tumors (tumor
located ≤5 cm from the anal verge (AV)). Among the 27
patients with low-lying tumors, 23 (85.2%) were able to
undergo the sphincter-sparing procedure. Seventeen of the 23
patients (73.9%) receiving sphincter-preserving surgery also
underwent diverting stomas during the same operation.

3.4. Pathological Response. Theobjective pathologic response
and the results of TRG are listed in Table 3. pCRwas achieved
in 5 patients (14.3%). T downstaging rate was 60%, and N
downstaging in clinical N1-2 patients was achieved in 69.6%
of the patients. Eleven of the 12 patients (91.7%) with clinical
N0 showed no node metastasis after CRT. Furthermore, 20
patients (57.1%) achieved the ypT0-2N0 downstaging. TRG
2∼4 was noted in 80% of the patients (28/35). Twenty of the
28 patients (71.4%) categorized as “major responders” (TRG,
2∼4) in the study achieved T downstaging, compared with
one of the remaining 7 patients (14.3%) in “minor responders”
(TRG, 0∼1) showing T downstaging (𝑃 = 0.010).

3.5. Perioperative Morbidity and Mortality. Among the 29
patients who underwent LAR, 2 patients (6.9%) experienced
anastomotic leakage. Subsequently, both patients underwent
a diverting colostomy for fecal diversion. Pelvic abscess
manifested as intermittent fever was found in one patient
with underlying diabetes mellitus 42 days postoperatively.
This 69-year-old male received percutaneous CT-guided
drainage of the pelvic abscess. Perineal wound complications
were noted in 2 patients who received abdominoperineal
resection (APR). All of them made an uneventful recovery
after the treatments. Neither life-threatening complications
nor any treatment-related deaths occurred within the 60 days
following surgery.

3.6. Late Morbidity. The median follow-up time was 35
months (range 15–65 months). The incidence of late SAE
was 14.3% (5/35), and gastrointestinal (GI) adverse effects
were the most common late SAE in the study (Table 2).
The incidence of grade 3 SB obstruction was 5.7% (2/35,
at 7th and 14th month postoperatively) in the study. One
of the 2 patients required surgical intervention due to
failed conservative treatment. Both had an uneventful recov-
ery after the treatment. Four of the 35 patients (11.4%)
encountered grade 2 anastomotic stenosis and required anal

Table 2: Acute toxicities, perioperative complications, and late
morbidities in patients with locally advanced rectal cancer.

Acute toxicities 𝑁 = 36 (%)
Grade 3 or 4 toxicities 4 (11.1)
Nausea/vomiting

Grade 1 5 (13.9)
Grade 2 1 (2.8)

Diarrhea
Grade 1 11 (30.6)
Grade 2 10 (27.8)
Grade 3 4 (11.1)

Leukopenia
Grade 1 2 (5.6)
Grade 2 1 (2.8)

Anemia
Grade 2 3 (8.3)

Frequency/urgency/cystitis
Grade 1 6 (16.7)
Grade 2 3 (8.3)

Dermatitis
Grade 1 22 (61.1)
Grade 2 5 (13.9)

Hand-foot syndrome
Grade 1 1 (2.8)
Grade 2 1 (2.8)

Perioperative complications 𝑁 = 29 (%)
Anastomotic leakage (after low anterior resection) 2 (6.9)
Pelvic abscess (after low anterior resection) 1 (3.4)
Late morbidities 𝑁 = 35 (%)
Grade ≥ 3 toxicities 5 (14.3)
Colitis

Grade 1 3 (8.6)
Grade 2 2 (5.7)

Small bowel obstruction
Grade 2 2 (5.7)
Grade 3 2 (5.7)

Anastomotic stenosis
Grade 1 1 (2.9)
Grade 2 4 (11.4)
Grade 3 1 (2.9)

Fistula
Grade 4 2 (5.7)

Chronic diarrhea
Grade 1 4 (11.4)
Grade 2 2 (5.7)

Stool incontinence
Grade 2 1 (2.9)

Ureter adhesion or stricture
Grade 1 4 (11.4)
Grade 2 3 (8.6)

Cystitis and/or hematuria
Grade 1 4 (11.4)
Grade 2 4 (11.4)
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Table 3: Pathological stage and response after preoperative
chemoradiotherapy in patients with locally advanced rectal cancer.

Case number 𝑁 = 35 (%)
Tumor regression grade
(TRG)

Grade 0 2 (5.7)
Grade 1 5 (14.3)
Grade 2 7 (20)
Grade 3 16 (45.7)

Pathological complete
response (TRG grade 4) 5 (14.3)

Pathological stage
Stage 1 15 (42.9)
Stage 2 6 (17.1)
Stage 3 9 (25.7)

ypT0-T2N0
Yes 20 (57.1)
No 15 (42.9)

Lymphovascular invasion
Yes 6 (17.1)
No 29 (82.9)

Perineural invasion
Yes 8 (22.9)
No 27 (77.1)

Pathological T stage
Downstaging 21 (60.0)
Stable 14 (40.0)
Progressive 0

Case number 𝑁 = 23 (%)
Pathological N stage (in
clinical N1-2 patients)

Downstaging 16 (69.6)
Stable 6 (26.1)
Progressive 1 (4.3)

Correlation between TRG and pathological downstage (𝑁 = 35)
Major

respondera
Minor

responderb 𝑃

T downstaging
Yes 20 1 0.010No 8 6

ypT0-2N0
Yes 19 1 0.027No 9 6

Pathologic node metastasis
Yes 5 4 0.055No 23 3

Lymphovascular invasion
Yes 4 2 0.576No 24 5

Perineural invasion
Yes 4 4 0.033No 24 3

N downstaging 𝑛 = 23 (in
clinical N1-2 patients)

Yes 13 3 0.621No 5 2
aTRG 2, TRG 3, and TRG 4 are recognized as major responders after
chemoradiotherapy; bTRG 0 and TRG 1 are recognized as minor responders
after chemoradiotherapy.

bougination during the follow-up period. One 66-year-
old patient experienced symptomatic colonic obstruction

secondary to grade 3 sigmoid colon stenosis at the 17th
month postoperatively. Her condition improved soon after
the endoscopic balloon dilatation procedure. Two patients
(5.7%) suffered from grade 2 colitis during the follow-
up time. Fortunately, their conditions were reversible after
treatment. Besides, two patients (5.7%) encountered grade
2 chronic diarrhea and their symptoms were manageable
by antidiarrheal agents. Grade 2 fecal incontinence was
seen in 1 patient (2.9%) who received radical proctectomy
with coloanal anastomosis. Colovaginal fistula was found in
two patients (5.7%) at 4th and 11th month postoperatively.
Subsequently both patients underwent fistulectomy and had
a smooth postoperative course. Four patients experienced
grade 2 cystitis and required further treatment. Grade 2
distal ureteral stenosis with hydronephrosis was noted in
3 patients (8.6%). However, all 3 patients improved soon
after double-J catheter implantation and did not require any
further operation.

3.7. Follow-Up and Outcome. Nine out of 35 postoperative
patients did not receive adjuvant chemotherapy. Four patients
with pCR and four patients with pathological stage 1 declined
adjuvant chemotherapy. The remaining one (pT4aN0M0)
postponed the chemotherapy due to perineal wound com-
plications following APR. Since lung metastases developed 3
months after surgery, she received systemic chemotherapy for
progression of disease. All the 9 patients with pathologically
confirmed positive lymph node disease received adjuvant
chemotherapy. Of the 36 patients enrolled in the study, local
recurrence or systemic progression of diseasewas observed in
16 patients (44.4%). Six patients developed local recurrence of
the disease. There were five in-field recurrences and one out
of field recurrence. Seven patients developed livermetastases;
2 patients developed lung metastases and the remaining one
was found to have bone as the first site for cancer metastasis.
To date, six patients have died of metastatic disease after 55,
53, 44, 42, 23, and 16 months, respectively.

4. Discussion

To the best of our knowledge, this is the first comprehensive
study regarding the efficacy and safety of preoperative helical
tomotherapy plus capecitabine in LARC. Table 4 summarizes
the results from previously published studies regarding the
efficacy of preoperative RT plus capecitabine in the treatment
of LARC [5, 12, 15–26]. It shows pCR rates ranging from 6.7
to 31% in other studies compared with 14.3% in the study.
T downstaging rate was 41.9–76.7% in the previous studies
comparedwith 60% in the study. Besides, N downstaging rate
was 50–87.5% in the previous studies compared with 69.6%
in the study. For patients with low-lying rectal cancer, the
sphincter preservation rate in the study was 85.2%, which
seems higher than those in other studies (14.3–67.7%). Finally,
the ypT0-2N0 downstaging rate was 57.1% in the study
compared with 41.2–50% in the previous studies. Table 5
shows the comparison of acute toxicities and perioperative
complications [5, 12, 15–26]. G3+ acute toxicities were noted
in 5–15% of patients in other studies compared with 11.1%
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in the study. Besides, the incidence of acute G3+ diarrhea
in the study was 11.1%, with a comparable result to most
other published studies (2–35.5%). In consideration of the
relation between RT and dermatitis, it is worth noting that
no patient in the present study encountered G3 dermatitis
compared with 0–9% in other studies. In addition, 10.3% of
the patients in the study experienced anastomotic leakage
and/or pelvic abscess after LAR, compared with 2.4–30.8% in
the previous studies. The incidence of wound complication
was 5.7% in the study, compared to 0.9–37.9% in other
studies.

Previous studies have reported that the incidence of G3+
acute toxicities was 5–15% [5, 12, 15–26], which is consistent
with our result (11.1%). However, absence of G3 dermatitis in
the study, compared with other studies, was an encouraging
result. It has been noted that dermatitis is a complication
highly related to irradiation. Most patients enrolled in the
study had low-lying rectal tumors (75%); however, no patients
experienced G3 dermatitis. Our results compare favorably
with the incidence of G3 dermatitis reported by Kim et al.
(3.3%, 3-field technique, 42% patients with low-lying rectal
tumors) [5]; De Paoli et al. (4%, 3- or 4-field technique, 68%
patients with low-lying rectal tumors) [18]; Park et al. (3%,
3- or 4-field technique, 60% patients with low-lying rectal
tumors) [12]; and Li et al. (3.2%, IMRT, 85.7% patients with
low-lying rectal tumors) [26]. Although exact reasons for
the difference are not clear, we propose that absence of G3
dermatitis in the studymight be due to an optimized dose dis-
tribution and a decreased radiation dose to skin by applying
helical tomotherapy. Further prospective randomized trials
may better define the role of helical tomotherapy in this
clinical setting.

Regarding the incidence of anastomotic leakage or pelvic
abscess after LAR, the study showed a comparable result
(10.3%) with that reported by the German Rectal Cancer
Study Group (11%) [1]. We noticed that both patients expe-
riencing anastomotic leakage had no protective stoma in
initial LAR. It is worth noting that none of the 20 patients
with a temporary diverting stoma in comparison with two of
the remaining 9 patients (17.6%) without a diverting stoma
experienced anastomotic leakage (𝑃 = 0.085). Although no
significant difference was noted in the study, the patients
who underwent sphincter-sparing surgery with a stoma
seemed less likely to experience the complication. One meta-
analysis study has pointed out that a diverting stoma can
reduce the rate of clinically relevant anastomotic leakages
and is thus recommended in surgery for low rectal cancers
[27]. However, the role of a diverting stoma construction
in patients undergoing preoperative CRT and a subsequent
LAR for rectal cancer is still controversial. In a prospective
trial for anastomotic complication survey after preoperative
CRT and subsequent LAR without a diverting stoma, Huh
et al. reported a relatively low anastomotic complication
rate in patients with low-lying rectal cancer [28]. Thus they
suggested that a diverting stoma is not necessary when
performing LAR and handsewn coloanal anastomosis for
lower rectal cancer. In another retrospective case series about
neoadjuvant CRT for rectal cancer, Tsikitis et al. reported that
there were 4.1% anastomotic leakage rate in patients receiving

LAR and a diverting stoma and suggested that a diverting
stoma could mitigate the serious sequels of anastomotic leak-
age after LAR in patientswho are preoperatively irradiated for
low-lying rectal cancer [29]. We believe that more evidence
from further studies is still required to determine whether a
routine diverting stoma is necessary in surgical management
of low-lying rectal cancer after CRT.

Several indices of efficacy, such asT/Ndownstaging, pCR,
and ypT0-2N0, have been demonstrated as prognostic factors
in LARC patients [30–32]. It is noteworthy that our ypT0-
2N0 downstaging rate compares favorably with other studies
using capecitabine plus RT (ypT0-2N0 41.2–50%) [5, 12, 15,
20, 23–25]. Furthermore, other indices of tumor response
(T/N downstaging, pCR) are comparable to other studies
(Table 4) [5, 12, 15–26]. Indeed, optimization of either RT
or chemotherapy is known to be a practicable method for
improving tumor response or minimizing treatment-related
toxicity. In a study of applying image-guided tomotherapy
in preoperative CRT for rectal cancer, Passoni et al. have
confirmed the feasibility of adding a boost to the gross
tumor volume (total tumor dose 45.6Gy) while remaining
concomitant to the oxaliplatin-based chemotherapy [33]. A
promising tumor response with an acceptable toxicity was
showed in the trial (pCR 30.4%, T downstaging 69.6%, G3+
acute toxicity 12%). In one phase II trial of preoperative helical
tomotherapy for rectal cancer, De Ridder et al. demonstrated
that tomotherapy allows delivery of SIB of 55.2Gy to the
primary tumor, without increasing the irradiated volume of
SB or acute toxicity [34]. Additionally, it is interesting to note
that the incidence of G3 acute toxicity in the present study
(11.1%) compares favorably with that reported in our previous
study (19.1%), using conventional RT technique plus the
same capecitabine regimen [6].Thus the relatively acceptable
toxicity profile in the study may suggest the possibility of a
RT dose escalation to the primary tumor by helical tomother-
apy, subsequently achieving a more favorable treatment
effect.

For tumors located within 5 cm of the AV, where an
APR was traditionally considered necessary, the sphincter
preservation rate in the study was higher than those reported
in other studies (Table 4) [5, 12, 15, 18, 20, 21, 23–26].
Although causes of the difference are not clear, the higher
sphincter preservation rate might be explained by several
reasons. First, most patients in the study were of cT3 stage.
Second, a higher dose of capecitabine eventuated in obvious
tumor shrinkage. Third, further evolution of the surgical
technique was achieved [11]. Finally, it might be due to
tumor shrinkage secondary to CRTwith helical tomotherapy,
which offers optimized target coverage and a more precise
irradiation delivery to the gross tumor [10]. Three out of
six recurrences were noted at 1 cm, 2 cm, and 3 cm near
the anal verge, respectively. Surgical intent for sphincter
preservation may explain these three recurrences near anal
verge.

The incidence of late SAE (14.3%) was comparable to
the study conducted by Sauer et al. (14%) [1]. It has been
noted that the symptoms resulting from radiation-related
GI toxicity were diarrhea and obstruction due to stenosis
or adhesions, as well as bleeding, necrosis, perforation,
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fistulation, and fecal incontinence [35]. The Stockholm I
and II Trials have demonstrated that preoperative RT sig-
nificantly increased the incidence of SB obstruction [36].
The Dutch colorectal cancer group reported 11% of the pre-
operatively irradiated patients encountered SB obstruction
in a 5-year follow-up [37]. In a phase 3 trial conducted
by the German rectal cancer study group, G3+ chronic
diarrhea and SB obstruction were noted in 9% of patients,
as well as G3+ anastomotic stricture in 4% of patients in
a median 46-month follow-up [1]. Another phase 3 trial
reported perioperative and late G3+ ileus in 5.6% of patients
and G3+ fistula in 1.9% of patients in a median follow-
up time of 52 months [12]. Herein, our results of the
late GI SAE were comparable to those of other studies.
Additionally, no incidence of urinary SAE was noted in the
study, compared to 1.4–2% in other studies with CRT [1,
12, 35]. In view of the above reasons, this study confirmed
that helical tomotherapy plus capecitabine is feasible for
LARC.

Because many variables may influence the results of
CRT in LARC patients in different hospitals, we compare
the data in the study (tomotherapy group) with those who
received nontomotherapy RT (three-field conventional RT)
plus capecitabine in our institution. Between January 2008
and December 2012, 60 patients with LARC (39 males and 21
females; median age, 63 years (range, 36–85 years)) received
the same capecitabine regimen and nontomotherapy RT
preoperatively. Both groups were well matched for mean
age (tomotherapy versus nontomotherapy, 64.8 versus 62.5,
𝑃 = 0.345), gender (male, 52.8% versus 65.0%, 𝑃 = 0.236),
clinical T stage (cT3, 97.2% versus 91.7%, 𝑃 = 0.405),
clinical node metastasis (cN1-2, 63.9% versus 75.0%, 𝑃 =
0.246), and distance from the AV (≤5 cm from the AV,
75.0% versus 66.7%, 𝑃 = 0.389). Thirty-five of the 36
patients in the tomotherapy group (97.2%) and 57 of the
60 patients in the nontomotherapy group (95.0%) received
surgery after CRT (𝑃 = 1.000). No significant differences
were found between the two groups for pCR (tomotherapy
versus nontomotherapy, 14.3% versus 8.8%, 𝑃 = 0.497), T
downstaging (60% versus 61.4%, 𝑃 = 0.893), N downstaging
in patients with cN1-2 (69.6% versus 79.1%, 𝑃 = 0.391),
ypT0-2N0 (57.1% versus 43.9%, 𝑃 = 0.216), and sphincter
preservation rate for low-lying rectal cancer (85.2% versus
80.0%, 𝑃 = 0.749).

Four patients in the tomotherapy group (11.1%) and 10
patients in the nontomotherapy group (16.7%) developed
G3 acute toxicities during CRT (𝑃 = 0.559). One patient
in the nontomotherapy group experienced G3 radiation
dermatitis while no serious acute perineal skin toxicity in
the tomotherapy group was shown. Although there was
no statistically significant difference between groups in the
G2+ radiation dermatitis, the patients with low-lying rectal
cancer in the nontomotherapy group were more likely to
encounter the adverse event than the patients with low-
lying rectal cancer in the tomotherapy group (13.9% versus
20.0%, 𝑃 = 0.584). After 35-month median follow-up in the
tomotherapy group and 27-month median follow-up in the
nontomotherapy group, the rates of G3+ late morbidities did
not differ significantly (tomotherapy versus nontomotherapy,

14.3% versus 21.1%,𝑃 = 0.582). Two patients in the tomother-
apy group (5.7%) and 6 patients in the nontomotherapy group
(10.5%) suffered from G2+ enteritis/colitis (𝑃 = 0.706). The
incidence of G2+ small bowel obstruction was 11.4% in the
tomotherapy group and 21.1% in the nontomotherapy group
(𝑃 = 0.273). Although there was no statistically significant
difference due to the limited case number,G2+ lateGI toxicity
was less likely to occur in the tomotherapy group than in the
nontomotherapy group.

Although the study has provided important new infor-
mation regarding helical tomotherapy plus capecitabine in
the preoperative treatment of LARC, it does have some
limitations. First, the sample size was small. Second, the
limited follow-up period (median, 35 months) allowed for
the assessment of response rates but not survival rates, for
which a longer follow-up period would be required. Third,
the acute and late toxicities collected in the study were
based on hospital records. This may lead to underestimation
of less severe toxicities because these may be ignored by
the physicians during the follow-up time. Finally, further
prospective randomized controlled studies are still required
to identify the differences in efficacy and safety between the
CRT regimens.

In conclusion, the present study showed that capecitabine
plus helical tomotherapy with an SIB is practicable in LARC
patients. Considering the horseshoe-shape form of the PTV,
with the small bowel and bladder lying in the middle, IMRT
seems to be the treatment of choice. The concave and sharp
dose gradients created by IMRT of course are less forgiving
than conventional RT plans in terms of treatment uncer-
tainties and require daily accurate positioning, which can be
obtained with the recent evolution in IGRT. Tomotherapy
offers an elegant way to implement this concept in daily
practice because it fully integrates IGRT by means of MV-
CT scanning and IMRT by means of dynamic rotational
therapy. Another potential advantage of this technique is
the possibility to deliver a simultaneous integrated radiation
boost on the gross tumor volume. In current study, the
treatment modality can achieve a very encouraging sphincter
preservation rate for low-lying rectal cancer and a favor-
able ypT0-2N0 downstaging rate without excessive toxicity.
Further prospective randomized trials are still required to
define the definite role of neoadjuvant CRT with helical
tomotherapy in LARC.

Conflict of Interests

The authors declare that they have no conflict of interests.

Authors’ Contribution

Ming-Yii Huang and Chin-Fan Chen contributed equally to
the study.

Acknowledgments

This study was supported by grants of the excellence for
cancer research center through funding by the Ministry of



BioMed Research International 11

Health and Welfare, Executive Yuan, Taiwan, MOHW103-
TD-B-111-05; the Kaohsiung Medical University Hospital,
KMUH99-9M07, KMUH101-1M66, KMUH102-2M46, and
KMUH102-2R18; and Biosignature in Colorectal Cancers,
Academia Sinica, Taiwan.

References

[1] R. Sauer, H. Becker, W. Hohenberger et al., “Preoperative
versus postoperative chemoradiotherapy for rectal cancer,”New
England Journal of Medicine, vol. 351, no. 17, pp. 1731–1810, 2004.

[2] A. B. Benson III, P. F. Engstrom, J. P. Arnoletti et al., “NCCN
clinical practice guidelines in oncology, rectal cancer,” Journal
of the National Comprehensive Cancer Network, vol. 10, no. 8,
pp. 1528–1546, 2012.

[3] J. F. Bosset, L. Collette, G. Calais et al., “Chemotherapywith pre-
operative radiotherapy in rectal cancer,”New England Journal of
Medicine, vol. 355, no. 11, pp. 1114–1123, 2006.

[4] J. P. Gérard, T. Conroy, F. Bonnetain et al., “Preoperative radio-
therapy with or without concurrent fluorouracil and leucovorin
in T3-4 rectal cancers: results of FFCD 9203,” Journal of Clinical
Oncology, vol. 24, no. 28, pp. 4620–4625, 2006.

[5] J. S. Kim, J. S. Kim, M. J. Cho, W. Yoon, and K. Song,
“Comparison of the efficacy of oral capecitabine versus bolus
5-FU in preoperative radiotherapy of locally advanced rectal
cancer,” Journal of Korean Medical Science, vol. 21, no. 1, pp. 52–
57, 2006.

[6] C. F. Chen, M. Y. Huang, C. J. Huang et al., “A observational
study of the efficacy and safety of capecitabine versus bolus
infusional 5-fluorouracil in pre-operative chemoradiotherapy
for locally advanced rectal cancer,” International Journal of
Colorectal Disease, vol. 27, no. 6, pp. 727–736, 2012.

[7] K. L. Baglan, R. C. Frazier, D. Yan, R. R. Huang, A. A. Martinez,
and J. M. Robertson, “The dose-volume realationship of acute
small bowel toxicity from concurrent 5-FU-based chemother-
apy and radiation therapy for rectal cancer,” International
Journal of Radiation Oncology Biology Physics, vol. 52, no. 1, pp.
176–183, 2002.

[8] L. M. Tho, M. Glegg, J. Paterson et al., “Acute small bowel
toxicity and preoperative chemoradiotherapy for rectal cancer:
investigating dose-volume relationships and role for inverse
planning,” International Journal of Radiation Oncology Biology
Physics, vol. 66, no. 2, pp. 505–513, 2006.

[9] J. S. Welsh, R. R. Patel, M. A. Ritter, P. M. Harari, T. R.
Mackie, and M. P. Mehta, “Helical tomotherapy: an innovative
technology and approach to radiation therapy,” Technology in
Cancer Research and Treatment, vol. 1, no. 4, pp. 311–316, 2002.

[10] P.M. Jhaveri, B. S. Teh, A. C. Paulino et al., “Helical tomotherapy
significantly reduces dose to normal tissues when compared
to 3D-CRT for locally advanced rectal cancer,” Technology in
Cancer Research and Treatment, vol. 8, no. 5, pp. 379–385, 2009.

[11] Y. S. Yeh,M. J. Chen,H. L. Tsai et al., “Transanal inside out rectal
resection for ultra-low rectal cancer,” Journal of Investigative
Surgery, vol. 25, no. 6, pp. 375–380, 2012.

[12] J. H. Park, S. M. Yoon, C. S. Yu, J. H. Kim, T. W. Kim, and J. C.
Kim, “Randomized phase 3 trial comparing preoperative and
postoperative chemoradiotherapy with capecitabine for locally
advanced rectal cancer,” Cancer, vol. 117, no. 16, pp. 3703–3712,
2011.

[13] J. D. Cox, J. Stetz, and T. F. Pajak, “Toxicity criteria of the
radiation therapy oncology group (RTOG) and the European

organization for research and treatment of cancer (EORTC),”
International Journal of Radiation Oncology Biology Physics, vol.
31, no. 5, pp. 1341–1346, 1995.

[14] O. Dworak, L. Keilholz, and A. Hoffmann, “Pathological fea-
tures of rectal cancer after preoperative radiochemotherapy,”
International Journal of Colorectal Disease, vol. 12, no. 1, pp. 19–
23, 1997.

[15] S. Krishnan, N. A. Janjan, J. M. Skibber et al., “Phase II study
of capecitabine (XelodaⓇ) and concomitant boost radiotherapy
in patients with locally advanced rectal cancer,” International
Journal of Radiation Oncology Biology Physics, vol. 66, no. 3, pp.
762–771, 2006.

[16] R. Yerushalmi, E. Idelevich, Y. Dror et al., “Preoperative
chemoradiation in rectal cancer: retrospective comparison
between capecitabine and continuous infusion of 5-
fluorouracil,” Journal of Surgical Oncology, vol. 93, no. 7,
pp. 529–533, 2006.

[17] P. Das, E. H. Lin, S. Bhatia et al., “Preoperative chemoradiother-
apy with capecitabine versus protracted infusion 5-fluorouracil
for rectal cancer: amatched-pair analysis,” International Journal
of Radiation Oncology Biology Physics, vol. 66, no. 5, pp. 1378–
1383, 2006.

[18] A. De Paoli, S. Chiara, G. Luppi et al., “Capecitabine in combi-
nation with preoperative radiation therapy in locally advanced,
resectable, rectal cancer: a multicentric phase II study,” Annals
of Oncology, vol. 17, no. 2, pp. 246–251, 2006.

[19] I. Craven, A. Crellin, R. Cooper, A. Melcher, P. Byrne, and D.
Sebag-Montefiore, “Preoperative radiotherapy combined with
5 days per week capecitabine chemotherapy in locally advanced
rectal cancer,” British Journal of Cancer, vol. 97, no. 10, pp. 1333–
1337, 2007.

[20] A. F. de Bruin, J. J. Nuyttens, F. T. Ferenschild, A. S. T.
Planting, C. Verhoef, and J. H. W. de Wilt, “Preoperative
chemoradiation with capecitabine in locally advanced rectal
cancer,” Netherlands Journal of Medicine, vol. 66, no. 2, pp. 71–
76, 2008.

[21] S. Bazarbashi,M. El-Bassiouni,M.Abdelsalam et al., “Amodern
regimen of pre-operative concurrent chemo-radiation therapy
in locally advanced rectal cancer,” Journal of Surgical Oncology,
vol. 98, no. 3, pp. 167–174, 2008.

[22] J. Dunst, J. Debus, V. Rudat et al., “Neoadjuvant capecitabine
combined with standard radiotherapy in patients with locally
advanced rectal cancer: mature results of a phase II trial,”
Strahlentherapie und Onkologie, vol. 184, no. 9, pp. 450–456,
2008.

[23] W. G. Elshazly, M. Farouk, and M. Samy, “Preoperative con-
comitant radiotherapywith oral capecitabine in advanced rectal
cancer within 6 cm from anal verge,” International Journal of
Colorectal Disease, vol. 24, no. 4, pp. 401–407, 2009.

[24] A. K. Chan, A. O. Wong, and D. A. Jenken, “Preoperative
capecitabine and pelvic radiation in locally advanced rectal
cancer—is it equivalent to 5-FU infusion plus leucovorin and
radiotherapy?” International Journal of Radiation Oncology
Biology Physics, vol. 76, no. 5, pp. 1413–1419, 2010.

[25] J. Jin, H. Meng, G. Zhou et al., “Preoperative radiotherapy
combined with capecitabine chemotherapy in Chinese patients
with locally advanced rectal cancer,” Journal of Gastrointestinal
Surgery, vol. 15, no. 10, pp. 1858–1865, 2011.

[26] J. L. Li, J. F. Ji, Y. Cai et al., “Preoperative concomitant
boost intensity-modulated radiotherapy with oral capecitabine
in locally advanced mid-low rectal cancer: a phase II trial,”
Radiotherapy and Oncology, vol. 102, no. 1, pp. 4–9, 2012.



12 BioMed Research International
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This study usedMCNPX code to investigate the brachytherapy 192Ir dose distributions inwater, bone, and lung tissue and performed
radiophotoluminescent glass dosimetermeasurements to verify the obtainedMCNPX results.The results showed that the dose-rate
constant, radial dose function, and anisotropy function in water were highly consistent with data in the literature. However, the lung
dose near the source would be overestimated by up to 12%, if the lung tissue is assumed to be water, and, hence, if a tumor is located
in the lung, the tumor dose will be overestimated, if the material density is not taken into consideration. In contrast, the lung dose
far from the source would be underestimated by up to 30%. Radial dose functions were found to depend not only on the phantom
size but also on the material density.The phantom size affects the radial dose function in bone more than those in the other tissues.
On the other hand, the anisotropy function in lung tissue was not dependent on the radial distance. Our simulation results could
represent valid clinical reference data and be used to improve the accuracy of the doses delivered during brachytherapy applied to
patients with lung cancer.

1. Introduction

High dose rate (HDR) brachytherapy uses sealed radioac-
tive sources to deliver radiation dose to a tumor over a
short distance via intracavitary or interstitial placement.This
methodology is designed to maximize the tumor dose while
minimizing the dose to surrounding normal tissues. HDR
brachytherapy is associated with a high dose gradient, with
the dose decreasing rapidly away from the source. Several
recent researches have studied the 192Ir source referred to
in the American Association of Physics in Medicine Task
Group 43 (AAPM TG-43) report [1]. That report on dose
parameter calculations was based on the assumption of a
water environment. Several researchers used a dosimeter and
Monte Carlo (MC) code to investigate the dose distribution
around the source [2–5].

The development of smaller radiation sources has
widened the application of brachytherapy to cancers of the
nasopharynx, esophagus, bronchus, lung, and esophagus
[6–8]. Guilcher et al. pointed out that brachytherapy is
an effective and safe treatment option for patients with
endobronchial carcinoma who cannot receive surgery or
external beam radiotherapy (EBRT) [9]. Koutcher et al.
indicated that patients with locally recurrent nasopharynx
cancerwho receivedEBRT combinedwith brachytherapy had
fewer severe late side effects compared with those treated
with EBRT alone [10]. Brachytherapy has demonstrated good
clinical efficacy, but dose calculations still assume that the
treatment environment comprises a water medium around
the source.

The AAPM TG-43 report provided dose calculation
formulas and dose parameters for brachytherapy. Although
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Figure 1: Structural diagram of the Nucletron 192Ir microSelectron HDR source and its stainless steel outer cover.
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Figure 2: Locations for GD-301 radiophotoluminescent glass dosimeter measurements.

that report can be used to evaluate the radiation dose received
by soft tissues, human organs such as the nasopharynx,
esophagus, bronchi, lungs, and bones havemarkedly differing
densities. The AAPM TG-43 report does not provide the
relevant dose parameters for these tissues, and, hence, the
dose cannot be assessed accurately.This situation could result
in tumor recurrence (due to an insufficient dose) or severe
side effects in normal tissues (due to an excessive dose).
Many of the dose parameters in the AAPM TG-43 report

were calculated using MC calculations based on a water
environment. The 192Ir dose distributions in bone and lung
tissue are still unknown.

The main purpose of this study was to use the Monte
Carlo N-Particle eXtended (MCNPX) code to calculate the
dose distributions of an 192Ir source in water, bone, and lung
tissue and to perform radiophotoluminescent glass dosimeter
measurements in tissue phantoms.Themeasured values were
compared with the results obtained using MCNPX code to
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Figure 3: Radial dose function calculated by MCNPX code with the 192Ir microSelectron HDR source centered in three spherical tissue
phantoms with a diameter of 30 cm: (a) comparison of MCNPX results and previously reported results and (b) radial dose functions in water,
bone, and lung tissue.
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examine the dose distributions in different tissues.The results
indicate that the dose parameters calculated byMCNPX code
can be used as a reference for clinical brachytherapy.

2. Materials and Methods

2.1. 192Ir Source. The photon energy spectrum of 192Ir is
quite complex, containing energies ranging from 0.0089 to
1.0615MeV. 192Ir has a relatively high atomic number (𝑍 =
77) and density (𝜌 = 22.42 g/cm3), and the dose distribution

around the source depends on its dimensions and outer
encapsulation, as well as the treatment environment.The 192Ir
source used in this study had an active length of 3.5mm and a
diameter of 0.6mm, as shown in Figure 1. It was encapsulated
by a stainless steel outer cover with an outer diameter of
1.1mm that was welded to a steel cable for attachment to a
remote after-loading machine (microSelectron HDR, Nucle-
tron, The Netherlands). For the purpose of dose calculation,
the stainless steel cable extended 2mm from the outer cover
on the proximal side of the active source.
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Figure 5: Radial dose functions calculated for spherical phantoms of the three tissue types with different diameters (𝑑 = 10–50 cm): (a) water,
(b) bone, and (c) lung.

2.2. Monte-Carlo Simulation. This study used the MCNPX
2.70 code to calculate the dose distributions of an 192Ir source
in water, bone, and lung tissue. The photon energy spectrum
of 192Ir was obtained from Brookhaven National Laboratory
[13]. The simulation was divided into three parts. First, a
30 cm diameter spherical phantom was used in simulations
for the radial dose function and anisotropy function; the
spherical dimensions used in the simulations were identical
to those used by Williamson and Li [11] and Karaiskos et
al. [12], so that our results could be compared to the results
calculated by those authors. The F6 tally was used to speed
up the calculation, and the source was set at the center of
the phantom. The F6 tally based on the assumption of an

electronic balance exists in the tally region. The electron
will lose its energy instead of undergoing electron transport
at the position where a photon and electron collide. The
radiation particles were removed from the simulation when
they moved outside of the phantom. At least 108 particles
were simulated, yielding 1𝜎 statistic errors of less than 3%
for the total dose. Second, the phantom was simulated as a
cylinder with a diameter of 25 cm and a height of 25 cm in
order to closely approximate the experimental phantom, and
the absorbed doses were recorded in a two-dimensional (2D)
matrix. Third, the influence of phantom size on the radial
dose function was investigated by simulating spherical water,
lung, and bone phantoms with various radii.
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2.3. Phantoms. The compositions of bone and lung tissue
used in this study are based on the ICRU 44 (International
Commission on Radiation Units and Measurements Report
44) recommendation [14]. Cortical bone and inflated lung
were adopted as bone and lung phantoms with densities
of 1.92 and 0.26 g/cm3, respectively, while a polystyrene
phantom with a density of 1.04 g/cm3 was used to represent
water.

2.4. Radiophotoluminescent Glass Dosimeter Measurements.
The radiophotoluminescent glass dosimeters used in this
study (GD-301, Asahi Techno Glass Corporation, Shizuoka,
Japan) had the following weight composition: 31.55%P,
51.16%O, 6.12%Al, 11.00%Na, and 0.17%Ag. The effective
atomic number and physical density of the dosimeters were
12.04 and 2.61 g/cm3, respectively [15].TheGD-301 dosimeter
is composed of a rod glass element measuring 1.5mm in
diameter and 8.5mm in length, and it must undergo heat
treatment at 70∘C for 1 hour before reading with the Dose
Ace FGD-100 reader. The active readout size of the GD-301
dosimeter of 1mm makes it a suitable tool for measuring
brachytherapy sources with high dose gradients [16].

To support the MC simulation results, the radial dose
function and anisotropy functionweremeasured using radio-
photoluminescent glass dosimeters in phantoms representing
three different tissue types. Slabswere sandwiched together to
build 25 cm × 25 cm × 25 cm phantoms, in which a slot was
milled in the center to accommodate the 192Ir source. ForGD-
301 dosimeter measurements, concentric holes were drilled
along polar angles of 𝜃 = 0–180∘ at radial distances of 𝑟 = 0.5,
1.0, 3.0, 5.0, and 10.0 cm from the center of source, as shown
in Figure 2.

3. Results and Discussion

3.1. Radial Dose Function andDose-Rate Constant. The radial
dose function, 𝑔(𝑟), accounts for the effects of photon
absorption and scatter in the medium along the transverse
axis of the source. MCNPX results of 𝑔(𝑟) for a 30 cm
diameter spherical phantom are presented in Figure 3(a)
and Table 1; these results are highly consistent with the MC
results of Williamson and Li and Karaiskos et al. (within
2%). The dose-rate constant, Λ, calculated in water was
1.115 ± 0.010 cGy h−1U−1 (1 U = 1 cGy cm2 h−1), also highly
consistent with the MC results of Williamson and Li and
Karaiskos et al., as presented in Table 2.

Figure 3(b) presents the radial dose functions calculated
for water, bone, and lung phantoms. As the depth increased,
the radial dose function decreased more slowly for lung than
for water due to the linear attenuation coefficient being small
in lung tissue, whereas the function decreased faster in bone
than in water due to the linear attenuation efficient being
higher in bone than in water. Tables 1 and 2 also present
the radial dose functions and dose-rate constants of bone
and lung tissue to provide clinical reference data for dose
calculations in various tissue types around an 192Ir source.
The ratios of the dose calculated by MCNPX code in lung
tissue and bone to the dose in water are shown in Figure 4.

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 20 40 60 80 100 120 140 160 180

𝜃 (deg)

MCNPX, r = 1.0 cm (water)
MCNPX, r = 2.0 cm (water)
MCNPX, r = 3.0 cm (water)
MCNPX, r = 5.0 cm (water)
MCNPX, r = 10.0 cm (water)

Williamson and Li, r = 1.0 cm
Williamson and Li, r = 2.0 cm
Williamson and Li, r = 3.0 cm
Williamson and Li, r = 5.0 cm
Karaiskos et al., r = 10.0 cm

A
ni

so
tro

py
 fu

nc
tio

n,
F
(r

,
𝜃
)

Figure 6: Anisotropy functions calculated by MCNPX code at
𝑟 = 1, 2, 3, 5 and 10 cm from the source center. The MC results
of Williamson and Li and Karaiskos et al. are also plotted for
comparison.

Up to a depth of 11 cm the dose was less in lung tissue than in
water; for example, at a depth of 2.8 cm, the lung/water dose
ratio was 0.88. This shows that a treatment planning system
(TPS) would overestimate the lung dose by 12%. Moreover,
at a depth of 15 cm, the lung dose would be underestimated
by 30%. These results also imply that, if a tumor is located in
the lung, the tumor dose will be overestimated if the different
tissue densities are not taken into account. At depths of less
than 5 cm the dose rate in bone was similar to that in water,
whereas at depths greater than 5 cm the bone dose would be
overestimated by 47%.

3.2. Influence of Phantom Dimensions on the Radial Dose
Function. Karaiskos et al. used MC calculations for an 192Ir
microSelectron source to examine the dose parameters in
spherical water phantoms with different diameters. They
found that the phantom dimensions significantly affected the
radial dose functions near to the edges of the phantom, with
deviations of up to 25% being observed.They did not observe
that the anisotropy functions depended significantly on the
phantom size. The present study simulated spherical water,
bone, and lung phantoms with diameters ranging from 10
to 50 cm in order to evaluate how the phantom dimensions
influence the radial dose functions in these tissues. Figure 5
shows the radial dose functions in water near the edge of the
phantom, where deviations of up to 23% are evident and the
results are similar to those of Karaiskos et al. The deviations
in the radial dose functions in bone and lung tissue were
26.7% and 6.5%, respectively. These results show that the
backscattered components vary with the material densities,
beingmaximal in bone andminimal in lung tissue.Moreover,
the backscattering in lung tissue does not differ significantly
with the phantom size.
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Figure 7: Comparison of anisotropy functions for phantoms of three tissue types: (a) lung at 𝑟 = 1, 2, 3, 5 and 10 cm; (b) bone at 𝑟 = 1, 2, 3, 5
and 10 cm; and (c) water, bone, and lung tissue at 𝑟 = 5 cm.

3.3. Anisotropy Function Comparison. The anisotropy func-
tion, 𝐹(𝑟, 𝜃), accounts for the anisotropy of the dose distri-
bution around the source due to the geometry structure of
the source and the encapsulation. Our MCNPX results of
𝐹(𝑟, 𝜃) for a 30 cm diameter spherical phantom are presented
in Figure 6 and Table 3.The calculated results were compared
with the MC calculations of Williamson and Li; the differ-
ences were within 4.6% for 𝑟 = 1 cm and 𝜃 < 5∘, within 2.5%
for 𝑟 = 1 cm and 5∘ < 𝜃 < 180∘, and within 2% for 𝑟 >
1 cm.Moreover, our results agree with theMC calculations of
Karaiskos et al. within 2.7% for 15.7∘ < 𝜃 < 178∘ and within
5% for 𝜃 < 5∘ and 𝜃 = 179∘. These comparisons indicate
that our calculation results are highly consistent with theMC
results of Williamson and Li and Karaiskos et al.

The anisotropy functions in the three tissue types are
shown in Figure 7. Figure 7(a) plots our calculation results
for 192Ir in lung tissue as an anisotropy function, with

the data showing that 𝐹(𝑟, 𝜃) is independent of the radial
distance. However, 𝐹(𝑟, 𝜃) was closer to 1 in bone tissue for
all polar angles when radial distance increases, as shown
in Figure 7(b). Figure 7(c) presents our anisotropy functions
in the three tissue types at 𝑟 = 5 cm for comparison. The
anisotropy function increases due to the increasing contribu-
tion of scattered component in medium which compensate
for the attenuation of primary radiation. 𝐹(𝑟, 𝜃) in bone
resembles a point source due to the scattered components
being larger than those in water and lung tissue. This study
used MCNPX code to calculate the dose parameters in bone
and lung tissue for clinical reference; the anisotropy functions
in bone and lung tissue are listed in Table 3.

3.4. Radiophotoluminescent Glass Dosimeter Measurements
and 2D Dose Distribution. To our knowledge there are
no previous reports of the dose parameters for bone and
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three tissue types (water, bone, and lung tissue).

Table 1: Radial dose function, 𝑔(𝑟), calculated by MCNPX code for the 192Ir microSelectron source centered in a spherical tissue phantom
with 𝑑 = 30 cm.

Radial distance (cm) Water Bone Lung Radial distance (cm) Water Bone Lung
0.2 0.999 0.978 1.003 4.8 0.986 0.989 0.994
0.4 0.997 0.982 1.000 5.0 0.988 0.983 0.994
0.6 0.998 0.989 1.000 5.5 0.979 0.956 0.994
0.8 1.000 0.995 1.000 6.0 0.974 0.937 0.993
1.0 1.000 1.000 1.000 6.5 0.966 0.914 0.989
1.2 1.001 1.006 1.001 7.0 0.955 0.887 0.988
1.4 1.000 1.006 1.000 7.5 0.947 0.863 0.984
1.6 1.003 1.015 1.001 8.0 0.936 0.830 0.982
1.8 1.004 1.016 1.002 8.5 0.923 0.799 0.981
2.0 1.006 1.018 1.001 9.0 0.913 0.767 0.974
2.2 1.001 1.023 1.001 9.5 0.891 0.736 0.966
2.4 0.997 1.019 1.000 10.0 0.872 0.711 0.963
2.6 1.003 1.022 1.001 10.5 0.859 0.672 0.959
2.8 1.004 1.022 1.001 11.0 0.833 0.636 0.956
3.0 1.001 1.019 1.000 11.5 0.820 0.607 0.950
3.2 0.999 1.017 0.999 12.0 0.797 0.574 0.947
3.4 0.997 1.015 0.997 12.5 0.774 0.536 0.940
3.6 0.997 1.011 0.997 13.0 0.746 0.501 0.934
3.8 0.998 1.004 0.997 13.5 0.719 0.467 0.926
4.0 0.996 1.002 0.997 14.0 0.687 0.421 0.918
4.2 0.993 1.000 0.996 14.5 0.651 0.374 0.909
4.4 0.991 0.995 0.996 15.0 0.612 0.329 0.900
4.6 0.988 0.991 0.996

lung tissue. We used the MCNPX code to perform dose
calculations for three different types of tissue and we also
used the GD-301 dosimeter to measure the dose in order
to verify the reliability of the obtained MCNPX results. Our
measured data are averaged values from three measurements

at each radial distance. Comparisons of the measured values
and the MCNPX results are presented in Figures 8 and 9. For
the radial dose function, the maximum difference between
the measured value and the MCNPX results for water was
11.4% at 𝑟 = 0.5 cm. This difference was due to the high dose



8 BioMed Research International

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 20 40 60 80 100 120 140 160 180

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0.000

0.200

0.400

0.600

0.800

1.000

1.200

𝜃 (deg)

0 20 40 60 80 100 120 140 160 180

𝜃 (deg)

Water

Lung Lung

Bone Bone

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0 20 40 60 80 100 120 140 160 180

0.000

0.200

0.400

0.600

0.800

1.000

1.200

0.000

0.200

0.400

0.600

0.800

1.000

1.200

𝜃 (deg)

Water

0 20 40 60 80 100 120 140 160 180

𝜃 (deg)

0 20 40 60 80 100 120 140 160 180

𝜃 (deg)

MCNPX, r = 3.0 cm
GD-301, r = 3.0 cm

0 20 40 60 80 100 120 140 160 180

𝜃 (deg)

MCNPX, r = 10.0 cm
GD-301, r = 10.0 cm

A
ni

so
tro

py
 fu

nc
tio

n,
F
(r

,
𝜃
)

A
ni

so
tro

py
 fu

nc
tio

n,
F
(r

,
𝜃
)

A
ni

so
tro

py
 fu

nc
tio

n,
F
(r

,
𝜃
)

A
ni

so
tro

py
 fu

nc
tio

n,
F
(r

,
𝜃
)

A
ni

so
tro

py
 fu

nc
tio

n,
F
(r

,
𝜃
)

A
ni

so
tro

py
 fu

nc
tio

n,
F
(r

,
𝜃
)

Figure 9: Averaged values of GD-301 dosimeter anisotropy functionmeasurements compared with theMCNPX results for phantoms of three
tissue types (water, bone, and lung tissue) at radial distances of 𝑟 = 3 and 10 cm.

gradient of 192Ir. The statistical error of the measured value
decreases as the radial distance increases.The statistical error
for all MC calculations was within 3% (1𝜎).

This study also used MCNPX code to calculate the 2D
dose distribution for the three tissue types, as shown in

Figure 10. The dose was normalized to that in the water
phantom at 𝑟 = 1 cm. Figures 10(a)–10(c) present the rela-
tive dose distributions in water, bone, and lung phantoms.
The results reveal that the dose distribution in bone remains
close to that of a point source as the radial distance increases
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Figure 10: 2D isodose curves for (a) water, (b) bone, and (c) lung.

Table 2: Dose-rate constant, Λ, calculated by MCNPX code for the
192Ir microSelectron source centered in a spherical tissue phantom
with 𝑑 = 30 cm.

Author Medium Λ (cGy h−1 U−1)
Williamson and Li [11] 30 cm water phantom 1.115 (±0.5%)
Karaiskos et al. [12] 30 cm water phantom 1.116 (±0.5%)

This study
30 cm water phantom 1.115 (±0.9%)
30 cm bone phantom 1.097 (±0.9%)
30 cm lung phantom 0.984 (±0.9%)

and that the rate of dose attenuation was the fastest among
three different types of tissue (due to the linear attenuation
coefficient).

4. Conclusions

This study used MCNPX code to calculate the 192Ir dose
distributions in water, bone, and lung tissue. The dose
parameters for water were highly consistent with the MC
results ofWilliamson and Li andKaraiskos et al. For 𝑟 > 3 cm,
the results from the MCNPX code and GD-301 dosimeter
measurements for bone and lung tissue were highly consis-
tent. The results demonstrate that the dose distribution of
HDR brachytherapy differed in water, bone, and lung tissue.
The TPS, which currently does not take into account such
differences in tissue density, thus, overestimated the dose
by up to 12% in lung tissue near the source. Moreover, the
magnitude of the attenuation and scatter would vary with the
tissue density. The radial dose functions would depend not
only on the phantom size but also on the phantom density.
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The dose-rate constant, radial dose function, and anisotropy
function have been calculated for the 192Ir microSelectron
source in water, bone, and lung tissue.These dose parameters
can be used as clinical reference data and to improve the
accuracy of the doses delivered during HDR brachytherapy.
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