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Cancer radiotherapy has been largely driven by technological
development in the past thirty years, resulting in improved
local tumor control for a variety of lesion sites [1]. Yet the
paradigmhas shiftedmore recently toward a patient-centered
healthcare model and value-based medicine where success is
measured by improved treatment outcome, enhanced patient
safety, and increased patient satisfaction [2]. Clinically, local
tumor control should be optimized simultaneously with
treatment outcome and patient safety in order to maximize
the therapeutic ratio while maintaining a high standard of
patient care. This special issue aims to present some of
the novel technological developments in recent years and
discuss their potentials in improving treatment outcome and
patient safety in the radiotherapeutic management of cancers
worldwide.

The research work entitled “An IMRT/VMAT Tech-
nique for Non-Small Cell Lung Cancer” investigated a novel
approach in treating non-small cell lung cancer (NSCLC)
with radiation, that is, a hybrid intensity-modulated radio-
therapy (IMRT) and volumetric modulated arc therapy
(VMAT) technique, in order to achieve the delivery efficiency
from VMAT and the critical structure sparing with IMRT.
The proposed hybrid approach involved an initial IMRT plan
delivering the first half of the total prescription dose, followed
by a VMAT plan delivering the second half of the total dose,
which was optimized based on the initially optimized IMRT
plan. With the dosimetric evaluation of 15 NSCLC patients,
the hybrid technique has been shown to reduce 𝑉
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and the mean lung dose (MLD) of normal lungs compared
with VMAT and better protect the organs-at-risk (OARs)
with fewer monitor units (MUs) at the cost of slightly higher
dosimetric indexes as compared to IMRT. The proposed
hybrid approach demonstrated its promise in improving the
treatment outcome and reducing normal tissue toxicity in the
radiotherapy of lung cancers, which is one of the most deadly
cancers in the modern era.

The clinical study entitled “Volumetric Modulated Arc
Therapy of the Pelvic Lymph Nodes to the Aortic Bifurcation
in Higher Risk Prostate Cancer: Early Toxicity Outcomes”
addressed a controversial issue in the clinic, the treatment of
pelvic lymph nodes (PLNs) in higher risk prostate carcinoma,
by evaluating the early toxicity profile for this cohort of
patients treated with VMAT. In this study, 113 patients treated
with VMAT were enrolled with a median follow-up of 14
months. Acute and late genitourinary (GU) and gastroin-
testinal (GI) toxicities were documented as per the Radiation
Therapy Oncology Group (RTOG) guidelines. Their study
indicated that VMAT can be utilized efficaciously in a variety
of indications tomanage carcinoma of the prostate, especially
in the high risk prostate cancer where pelvic lymph node
volumes can be included up to the aortic bifurcation. This
study clearly demonstrated that VMAT was a favorable
treatment option in both the definitive and salvage settings in
terms of reducing acute toxicity inGU andGI, which can lead
to a better quality of life for patients with higher risk prostate
cancer.
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Another clinical investigation entitled “Replanning Cri-
teria and Timing Definition for Parotid Protection-Based
Adaptive Radiation Therapy in Nasopharyngeal Carcinoma”
explored a clinically relevant and important issue, that is, the
criteria and timing points of replanning for adaptive radiation
therapy of nasopharyngeal carcinoma (NPC). Based on 50
NPC patients who were treated with helical tomotherapy,
they evaluated the changes of volumetric and dosimetric
indexes (𝐷mean, 𝑉1, and 𝐷50) of the parotid glands at various
fractional points. Their study indicated that initial parotid
volume, initial parotid 𝐷mean, and weight loss rate were
the most significant indicators for the parotid protection-
based replanning in the adaptive radiotherapy of NPC. They
further suggested three cutoff values which could be used to
predict the timing for replanning in order to better protect
the parotid glands during radiotherapy. This interesting
clinical study emphasized the importance of patient safety
and normal tissue sparing in order to improve the treatment
outcome and quality of life of cancer patients.

Another research paper entitled “3D-2D Deformable
Image Registration Using Feature-Based Nonuniform
Meshes” proposed a novel feature-based nonuniform
meshingmethod to efficiently register 3D images such as CTs
with a small portion of 2D projection images of cone-beam
CT in image-guided radiotherapy of cancers. In this work,
they evaluated and compared the new 3D-2D deformable
image registration (DIR) algorithm with other 3D-2D DIR
methods in terms of image visualization and quantitative
evaluations with twoXCATphantoms and five head and neck
cancer patients. Compared with the traditional voxel-based
DIR method, the proposed algorithm demonstrated faster
computational speed and higher quality of reconstructed
images.This technique could be used for accurate deformable
image registration and fast adaptive radiotherapy replanning
for better tumor control.

Finally, the review article entitled “Combining Whole-
Brain Radiotherapy with Gefitinib/Erlotinib for BrainMetas-
tases from Non-Small-Cell Lung Cancer: A Meta-Analysis”
conducted systematic review and meta-analysis on the
efficacy and safety of whole-brain radiotherapy (WBRT)
combined with gefitinib/erlotinib for treatment of brain
metastases (BM) from non-small cell lung cancer (NSCLC).
Through an extensive literature search, a total of 7 case-
controlled and randomized controlled trials involving 622
patients were included in this retrospective study. Statistical
analyses indicated that WBRT plus gefitinib/erlotinib can
significantly improve the response rate, the remission rate
of the central nervous system, the disease control rate, the
overall survival, and the one-year survival rate in patients
with BM from NSCLC, as compared to WBRT alone or
WBRT plus chemotherapy.

In general, this special issue presents a snapshot of what
is being actively pursued currently in cancer radiotherapy. In
addition to the technological developments featured in this
special issue, there have been numerous exciting develop-
ments on a variety of topics, such as advanced imaging for
treatment response assessment, advanced tumor tracking and
monitoring, online quality assurance of treatment delivery,
advanced algorithms for real-time monitoring of patient

safety, biologically guided radiation therapy, and electronic
health record data mining for more efficient radiotherapy.
The successful implementation of these novel technologies
into routine clinical workflow will undoubtedly improve
patient safety and treatment outcome in the radiotherapeutic
management of cancers and usher in a new paradigm for a
more personalized radiation therapy.

Jun Deng
Yuanming Feng

Charlie Ma
Fang-Fang Yin
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By using prior information of planning CT images and feature-based nonuniformmeshes, this paper demonstrates that volumetric
images can be efficiently registered with a very small portion of 2D projection images of a Cone-Beam Computed Tomography
(CBCT) scan. After a density field is computed based on the extracted feature edges from planning CT images, nonuniform
tetrahedral meshes will be automatically generated to better characterize the image features according to the density field; that
is, finer meshes are generated for features. The displacement vector fields (DVFs) are specified at the mesh vertices to drive the
deformation of original CT images. Digitally reconstructed radiographs (DRRs) of the deformed anatomy are generated and
compared with corresponding 2D projections. DVFs are optimized to minimize the objective function including differences
between DRRs and projections and the regularity. To further accelerate the above 3D-2D registration, a procedure to obtain good
initial deformations by deforming the volume surface tomatch 2Dbody boundary onprojections has been developed.This complete
method is evaluated quantitatively by using several digital phantoms and data from head and neck cancer patients. The feature-
based nonuniform meshing method leads to better results than either uniform orthogonal grid or uniform tetrahedral meshes.

1. Introduction

Cone-Beam Computed Tomography (CBCT) has been
widely used for accurate patient setup (initial positioning)
and adaptive radiation therapy. Attentions are still needed to
reduce imaging radiation doses and improve image qualities.
Traditionally, Conventional Cone-Beam Computed Tomog-
raphy (CBCT) image reconstruction in radiation therapy
needs hundreds of projections, which deliver high imaging
dose to patients. In order to reduce the number of CBCT
projections, recently, some researchers have proposed meth-
ods to reconstruct images by using the information of prior
images, such as a planning CT [1–3] or a previous CBCT [4],
and a deformation model, which is essentially a 3D-2D
deformable image registration (DIR) procedure. A lot of
researches have been done related to 3D-2D image registra-
tion. Previously, only rigid registrations between 3D images

and 2D fluoroscopic images have been addressed [5–7]. For
3D-2D nonrigid registration [1, 2, 4, 8, 9], the multiscale
technique was applied, instead of using the finite element
method- (FEM-) based methods to speed up the recon-
struction process and increase the accuracy. For nonrigid
modeling of respiratory motion, Zeng et al. [10] introduced a
method to estimate the 3D motion parameters of a nonrigid,
free breathing motion model from a set of projection views.
In order to improve the computational efficiency, Jia et
al. [11] developed a GPU-based algorithm to reconstruct
high-quality CBCT images from undersampled and noisy
projection data so as to lower the imaging dose, but it does not
make use of the planning CT. However, in all these methods,
voxel-based deformation fields were employed to estimate
a large number of unknowns, which required extremely
long computational time. Additionally, in their deformation
models, the image features and organ boundaries were not
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specifically considered, which may cause inaccurate defor-
mation estimation. In this work, we proposed a new FEM-
based approach, that is, a feature-based nonuniformmeshing
method, to overcome these limitations.

FEM can be best understood from its practical applica-
tion, for instance,mesh discretization of a continuous domain
into a set of discrete subdomains. It has already been used
in image registration [12, 13]. Usually, FEM is exploited to
achieve two important advantageous aspects. On one hand, it
endows the efficiency of the registration process due to a small
number of sampling points compared with voxel-based sam-
plingmethods.On the other hand, it provides the smoothness
of the displacement vector field (DVF) due to the smoothness
constraint between elements and the interpolationwithin one
element. The quality of geometric discretization is crucial for
the effectiveness of the image registration applications. Sur-
face meshing methods in 3D-3D image registration [13–15]
and volume meshing methods in 3D-3D image registration
[16–19] and in 3D image reconstruction [20, 21] have been
applied, but none of them were employed in 3D-2D DIR.

When 3D-2D DIR algorithm is used iteratively to recon-
struct 3D volumetric images, the number of sampling points
is crucial for the computation. A large number of sampling
points could lead to a very slow computational speed,
while a limited number of points with uniform distribution
could miss some important image features and make the
registration less accurate. In our proposed method, a special
FEM system is developed to automatically generate high-
quality adaptive meshes conforming to the image features
for the whole volume without user’s manual segmenta-
tion. This system allows for more sampling points placed
in important regions (at organ/tissue/body boundaries or
regions with highly nonlinearly varying image intensity);
while fewer sampling points are placed within homogeneous
or in regions with linearly varying intensity. In this way,
deformations of boundaries and other important features
can be directly characterized by the displacements of the
sampling points that are lying on boundaries or features,
rather than interpolating from a uniform grid or a larger-
sized tetrahedron in the volume mesh. As a result, the defor-
mation can be controlledmore precisely.With approximately
the same numbers of sampling points, the feature-based
nonuniform meshing method produces better deformed
volumetric images comparing with methods using uniform
meshes.The high-quality digitally reconstructed radiographs
(DRRs) of the deformed anatomy are generated by using ray
tracingmethod. Subsequently, theseDRRs are comparedwith
corresponding 2D projections from CBCT scans, and the
DVF is optimized iteratively to obtain the final reconstructed
volumetric images.

In order to provide a good initial DVF and accelerate
the calculation, we proposed a boundary-based 3D-2D DIR
method before the aforementioned 3D-2D DIR. Although
researches on boundary-guided (or contour-guided) image
registrations [22–24] have been carried out for many years,
their methods were applied on either 2D-2D or 3D-3D DIR
cases. Our proposed algorithm is suitable to employ on 3D-
2D DIR, while dealing with large deformations for adaptive
radiation therapy.

This paper makes the following contributions for effec-
tively computing 3D-2D DIR:

(i) Compared with the traditional voxel-based method,
the mesh-based methods have faster computational
speed and better DVFs, since the voxel-based defor-
mations were employed to estimate a large number of
unknowns, which required extremely long computa-
tional time and were easy to be trapped in localized
deformations.

(ii) When equal numbers of sampling points are used,
the nonuniform meshing method leads to obtaining
higher quality reconstructed images and better DVF
compared with that of uniform meshes under the
same number of optimization iterations.

(iii) Due to the large data sizes of the volume and pro-
jection images, the boundary-based DIR technique
and GPU-based parallel implementation have been
applied and achieved high computational efficiency
and the reconstruction of 512 × 512 × 140 CBCT
image can be done within 3 minutes, which is close
to clinical applications.

The rest of the paper is organized as follows. Section 2
describes the proposed methods and materials in detail,
including nonuniform mesh generation, the framework of
the nonuniform meshing to reconstruct volumetric images
by using 3D-2D DIR, and the boundary-based 3D-2D DIR.
In Section 3, the experimental results are discussed to eval-
uate the proposed methods qualitatively and quantitatively.
Several digital phantoms and patient data sets are measured.
Finally, the conclusion and future work are given in Section 4.

2. Methods and Materials

Figure 1 illustrates a flow chart of the entire proposed tech-
nique. The dash-line box is used to provide initial DVFs and
accelerate the calculation by proposed boundary-based 3D-
2D DIR method, which will be described in Section 2.3. All
other parts illustrate how the proposed novel nonuniform-
mesh-guided 3D-2D image registration method is used to
deform the original planning CT images. This requires much
smaller degrees of freedom to generate the DVF than that of
voxel-based methods. Each step is described in the following
subsections and we will firstly introduce the nonuniform-
mesh-guided 3D-2D image registration method and then
discuss the boundary-based 3D-2D DIR method.

2.1. Creation of Nonuniform Meshes. After the user specifies
the total number of mesh vertices, a feature-based nonuni-
form tetrahedral mesh is generated automatically. Nonuni-
form meshes are important for improving the accuracy of
the numerical simulations as well as better approximating the
shapes. Zhong et al. [25] developed a novel particle-based
nonuniform surface meshing approach by formulating the
interparticle energy optimization in a fast convergence tech-
nique. In this method, users will design a density field, which
is used to control the distribution of the particles (sampling
points). This particle-based surface meshing framework is
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Figure 1: Flow chart of the proposed 3D-2D image registration method.The dash-line box is used to provide initial DVFs and accelerate the
calculation by proposed boundary-based 3D-2D DIR method. It may be skipped according to different scenarios. More details are given in
Section 2.3.

extended to 3D volume case in this paper so as to generate
tetrahedral meshes based on 3D volume images.

2.1.1. Basic Meshing Framework. The basic idea of the mesh
generation is similar to Zhong et al.’s work [25], and the main
difference is that we extend their work to 3D nonuniform
volumemeshing.There are two steps inmesh generation: par-
ticle optimization and Delaunay triangulation computation.

Regarding each mesh vertex as a particle, the potential
energy between the particles decides the interparticle forces.
When the forces on each particle reach equilibrium, particles
arrive at an optimal balanced state, resulting in a uniform
distribution. In this case, an isotropic meshing can be
generated. To handle the adaptive meshing, the concept of
“embedding space” [26, 27] is applied. In theNash embedding
theorem, it is stated that every Riemannian manifold [28]
can be isometrically embedded into some high-dimensional
Euclidean space. In such high-dimensional embedding space,
the metric is uniform and isotropic. When the forces applied
on each particle become equilibrial in this embedding
space, the particle distribution in the original domain will
exhibit the desired adaptive property, that is, conforming to

the user-defined density field. This property is used to for-
mulate the particle-based adaptive meshing framework. The
following concepts of density field, interparticle energy, and
force are defined based on [25].

The density field is defined by using the following metric
tensor as

M (v) = 𝜌 (v)2/𝑚 ⋅ I, (1)

where v is the particle position. I is the 3 × 3 identity matrix.
M(v) defines an isotropic adaptive metric with the user-
defined density function 𝜌(v). 𝑚 is the dimension of the
original volume space, so 𝑚 = 3.

Given 𝑁V particles with their positions V = {k
𝑖

| 𝑖 =

1 ⋅ ⋅ ⋅ 𝑁V} in the volume Ω (Ω ∈ R𝑚) which is embedded
in R𝑚 space, denoted as V = {k

𝑖
| 𝑖 = 1 ⋅ ⋅ ⋅ 𝑁V}, where

𝑚 ≤ 𝑚, the interparticle energy between particles 𝑖 and 𝑗 in
such embedding space is defined as

𝐸

𝑖𝑗

= 𝑒
−‖k𝑖−k𝑗‖

2
/4𝜎
2

= 𝑒
−(k𝑖−k𝑗)

𝑇M𝑖𝑗(k𝑖−k𝑗)/4𝜎2
, (2)

where M
𝑖𝑗
is the metric tensor between particles 𝑖 and 𝑗,

and, for simplicity, it is approximated by the average of
metric tensors at two positions: M

𝑖𝑗
≈ (M(k

𝑖
) + M(k

𝑗
))/2.
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Data: a 3D volume Ω with density field 𝜌(v), and the desired number of vertices 𝑁V
Result: an adaptive sampling V of Ω
Initialize particle locations V;
While stopping condition not satisfieddo

Update the 𝑘-𝑑 tree [22] data structure for the current sampling locations V;
for each particle 𝑖 do

Obtain particle 𝑖’s 𝑘-nearest neighbors 𝑁(𝑖) within five standard deviations (5𝜎) from 𝑘-𝑑 tree;
for each particle 𝑗 ∈ 𝑁(𝑖) do

Compute 𝐸

𝑖𝑗 by (2);
Compute F𝑖𝑗 by (4);

end
Compute the total force F𝑖 by (5);

end
Compute the total energy 𝐸 by (3);
Run L-BFGS algorithm with 𝐸 and {F𝑖}, to update the particle locations V;
Project V onto the 3D volume surface, if V jumps out of the volume boundary;

end

Algorithm 1: Particle optimization with density field 𝜌(v).

The exponent in the term 𝐸

𝑖𝑗 can be approximated by ‖k
𝑖
−

k
𝑗
‖
2

≈ (k
𝑖
− k
𝑗
)
𝑇M
𝑖𝑗
(k
𝑖
− k
𝑗
). The interparticle energy as

defined in (2) depends on how to choose the fixed kernel
width 𝜎. If 𝜎 is chosen too small, then particles will nearly
stop spreading because there are almost no forces between
particles. If 𝜎 is chosen too large, then nearby particles cannot
repel each other and the resulting sampling distribution will
be poor. From our extensive experiments, we find out that the
best adaptive mesh quality can be achieved when Gaussian
kernel width is set as 𝜎 = 0.3√|Ω|/𝑁V. |Ω| is the image
volume in the embedding space.

The total energy can be computed by summingup all pairs
of interparticle energies:

𝐸 =

𝑁V

∑

𝑖=1

𝑁V

∑

𝑗=1,𝑗 ̸=𝑖

𝐸

𝑖𝑗

. (3)

The gradient of 𝐸𝑖𝑗 can be considered as the force F𝑖𝑗 in
the embedding space:

F𝑖𝑗 = 𝜕𝐸

𝑖𝑗

𝜕k
𝑗

=

(k
𝑖
− k
𝑗
)

2𝜎
2

𝑒
−‖k𝑖−k𝑗‖

2
/4𝜎
2

=

Q
𝑖𝑗
(k
𝑖
− k
𝑗
)

2𝜎
2

𝑒
−(k𝑖−k𝑗)

𝑇M𝑖𝑗(k𝑖−k𝑗)/4𝜎2
,

(4)

where Q
𝑖𝑗

= √M
𝑖𝑗
. The details of the mathematical deriva-

tions are given in Sec. 3.2.2 of [25].
Then the total force applied on particle 𝑖 is

F𝑖 = ∑

𝑗 ̸=𝑖

F𝑗𝑖. (5)

In the particle optimization algorithm, user can specify
a density field 𝜌(v) and desired number of vertices 𝑁V. In

our implementation, for each particle, we only compute the
mutual effects (i.e., energy and forces) from the particles
within a neighborhood of five standard deviations (5𝜎);
otherwise, the particles have no mutual effects due to the
large distance between each other. The 𝑘-𝑑 tree [29] is a
space-partitioning data structure for organizing points in a
𝑘-dimensional space and can quickly search such neighbor-
hoods.With the total interparticle energy (3) and force (5), L-
BFGS [30] (a quasi-Newton algorithm) optimizationmethod
is used to obtain the optimized adaptive particle positions.
This optimization proceeds iteratively until convergence by
satisfying a specified stopping condition; for example, the
magnitude of the gradient or the maximal displacement of
particles is smaller than a threshold, or the total number
of iterations. Algorithm 1 shows the details of the adaptive
particle optimization on 3D volume.

After optimizing the particle positions, the final desired
nonuniform tetrahedral mesh can be generated by using the
Delaunay triangulation [29]. If the density field is uniform
in the entire volume, we can generate the isotropic tetra-
hedron mesh, which is used in Section 3 for comparison
experiments.

2.1.2. Feature-Based Nonuniform Meshing on Medical Image.
Figure 2 illustrates the feature-based nonuniform mesh gen-
eration on a set of torso images acquired from a digital
phantom XCAT [31]. The 4D XCAT provides an accurate
representation of complex human anatomy and has the
advantage that its organ shapes can be changed to realistically
model anatomical variations and patient motions; more
importantly, it also provides voxel-based DVFs, which are
used as the ground truths to evaluate the accuracy of the
deformation.

It is necessary to design a density field to match the vol-
ume image features. Original images are preanalyzed using a
Laplacian operator (searching for zero crossings in the second
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Figure 2: Demonstration of the feature-based nonuniformmesh generation on a digital XCAT phantom. (a)The original image; (b) extracted
feature edges; (c) density field; (d) a 2D view of the interior meshes with color-mapping.

derivative of the image to find edges) to extract features
including contour edges and boundaries between organs and
tissues, which are regions with highly nonlinearly varying
image intensities. Since the Laplacian operator as high-pass
operator highlights edges as well as noise, it is desirable to
smooth the image in order to suppress noises at first. When
the feature edges of the volume image are obtained as shown
in Figure 2(b), a density field could be calculated auto-
matically without manual segmentation (Figure 2(c)). The
density function 𝜌(k)1/3 depends on the distance between
the feature edges and the voxels in the volume domain. In
our experiments, the smooth density field is defined as a
piecewise linear function:

𝜌 (k)1/3 =

{
{
{
{

{
{
{
{

{

5, 0 ≤ 𝜑 ≤ 2,

49

9

−

2

9

𝜑, 2 < 𝜑 ≤ 20,

1, otherwise,

(6)

where 𝜑 is the distance between the feature edges and the
voxels measured by the voxel grid unit. The red color means
the higher density field area, while the blue color means the
lower density field area.Theuser can choose any other density
functions according to their requirement. The motivation of
designing the density field as a piecewise linear function is
to make the density field as smooth as possible, so that the
volume sizes of the tetrahedrons in the computedmesh can be
controlled to vary smoothly. Finally, we can generate adaptive

meshes with high-quality tetrahedral elements. Equation (6)
is given under our extensive DIR experiments, which is
based on the volume image resolutions and voxel scales: if
the sampling point is located within 2-voxel distance with
respect to its nearest feature edge point, the density value is
5; if the sampling point is located between 2-voxel and 20-
voxel distance with respect to its nearest feature edge point,
the density value is computed based on the designed linear
function in (6); if the sampling point is located beyond 20-
voxel distance with respect to its nearest feature edge point,
the density value is 1. From Figure 2, we can see that the
designed density field can generate good tetrahedral meshes,
which canwell conform to the image features as well as obtain
high-quality tetrahedral meshes.

After designing the density field, a binary mask needs
to be computed from the original image by setting “one”
inside of the human anatomy and “zero” outside to constrain
the vertex positions inside or on the body during mesh
vertices optimization. The mesh vertices are automatically
computed by Algorithm 1. Vertices are densely positioned in
the regions with highly nonlinearly varying image intensities,
while regions of constant or linearly varying image intensities
are assigned fewer vertices. Following this process, vertex
locations are optimized conforming to the density field as
illustrated in Figure 2(c). In order to control the entire volume
imagemore effectively, 8 bounding box vertices of the human
anatomy are added (as shown in Figure 3). Then volume
meshes (tetrahedrons) are created based on the Delaunay
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Figure 3: In order to control the entire volume image more effectively, 8 bounding box vertices of the human anatomy are added.

triangulation of the vertices. As a result, meshes correspond-
ing to boundaries between organs and tissues are denser.
The color-coded tetrahedrons of the generated feature-based
mesh in Figure 2(d) illustrate that the tetrahedral volumes
are well conforming to the desired density defined by the
features of the given image. Due to the importance of
deformations occurring around boundaries between organs
and tissues, it is necessary to placemore vertices (or sampling
points) at features, while placing fewer vertices in nonfeature
regions. In this way, if DVF is specified to each mesh vertex
(or sampling point), the boundaries and other important
features can be directly represented by the displacements
of sampling points or represented by smaller tetrahedrons,
rather than interpolating through four vertices of one larger-
sized tetrahedron; then the deformation can be diffused from
themesh vertices to each voxel of the volumemore accurately.
This is the most significant advantage of the feature-based
nonuniform meshing method.

2.2. Volumetric Image Reconstruction by 3D-2D DIR. This
section introduces how to use our generated feature-based
nonuniform meshing to reconstruct high-quality volumetric
images by using 3D-2D DIR.

2.2.1. Computation of Deformed Volume. The displacement
vector of each voxel (DV) is obtained through interpolating
the DVF on mesh vertices (D) by using the barycentric coor-
dinates [32] of each voxel in its corresponding tetrahedron,
and the deformed volume is resampled onto a uniform grid
volume. The intensity of each voxel in the new deformed
image 𝑈new is calculated from the original CT image 𝑈original
according toDV as follows:

𝑈new (𝑎, 𝑏, 𝑐) = 𝑈original (𝑎 + 𝐷
V
1
(𝑎, 𝑏, 𝑐) , 𝑏

+ 𝐷
V
2
(𝑎, 𝑏, 𝑐) , 𝑐 + 𝐷

V
3
(𝑎, 𝑏, 𝑐)) ,

(7)

where 𝐷
V
1
, 𝐷

V
2
, and 𝐷

V
3
are three floating point spatial

components of the displacement vector (DV) along 𝑥, 𝑦,
and 𝑧 directions. The displacement vector points from the
center of voxel (𝑎, 𝑏, 𝑐) in the new deformed image to a
point at (𝑎 + 𝐷

V
1
(𝑎, 𝑏, 𝑐), 𝑏 + 𝐷

V
2
(𝑎, 𝑏, 𝑐), 𝑐 + 𝐷

V
3
(𝑎, 𝑏, 𝑐)) in the

original source image that will unlikely be at a voxel center.
Then the original source intensity at that point is obtained
via trilinear interpolation from its eight neighboring voxels.

This technique not only gives an accurate CT intensity tomap
to the new deformed image, but also acts as an antialiasing
technique to avoid artifacts in the projected DRRs, since it
is easy and efficient to compute DRRs from a uniform grid
sampled volume by using ray tracing algorithm.

2.2.2. Computation of DRRUsing Ray Tracing Algorithm. Ray
tracing is a technique for generating an image by tracing
the path of light through pixels in an image plane and
simulating the effects of its encounters with objects. In the
DRR generation, the Siddon ray tracing algorithm is applied
[33].

To better simulate the realistic raw target CBCT projec-
tions fromXCAT phantom data and test the sensitivity of our
method to the realistic complications, after the noise-free ray
line integrals 𝑝

𝑖
are computed, the noisy signal 𝐼

𝑖
at each pixel

𝑖 is generated based on the following noise model:

𝐼
𝑖
= Poisson (𝐼

0
𝑒
−𝑝𝑖

) + Normal (0, 𝜎2
𝑒
) , (8)

where Poisson is Poisson distribution and Normal is normal
distribution. 𝐼

0
is the incident X-ray intensity and 𝜎

2

𝑒
is the

background electronic noise variance. In this study, 𝐼
0
is set

to 1 × 105 and 𝜎
2

𝑒
is set to 10 [34, 35].

2.2.3. Optimization of 3D-2DDIR Energy. Thedeformation is
optimized by minimizing the total energy 𝐸, which includes
two terms, the regularization (𝐸reg(D)) used to achieve
smoothness of the DVF and the similarity (𝐸sim(D)) between
the two images:

𝐸 (D) = 𝐸reg (D) + 𝐸sim (D)

= 𝜇𝐿 (D) +

𝑁𝑝

∑

𝑚=1





𝑅 (D, 𝜃

𝑚
) − 𝐼 (𝜃

𝑚
)





2

,

(9)

where 𝜇 is a weighting factor to control the tradeoff between
the similarity and regularization. It is empirically set at 10.0
for all of the experiments in this paper. D is the DVF
defined on the mesh vertices. 𝐿(D) is regularization term
defined as

𝐿 (D) =

𝑁V

∑

𝑖=1

3

∑

𝑑=1

[

[

(

∑
𝑗∈𝑁(𝑖)

(D
𝑑
(𝑗) − D

𝑑
(𝑖))

|𝑁 (𝑖)|

)

2

]

]

, (10)
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where 𝐿(D) is a summation of the square of Graph Laplacian
operations [36] on the DVF over every vertex except those on
the external borders.D

𝑑
(𝑑 = 1, 2, 3) are three components of

DVFs.𝑁V is the total number of the mesh vertices.𝑁(𝑖) is the
set of one-ring neighboring vertices (𝑗) of vertex 𝑖. |𝑁(𝑖)| is
the size of set 𝑁(𝑖).

The second term of the energy function in (9) repre-
sents the similarity between the CBCT projections (𝐼(𝜃

𝑚
))

acquired at gantry angle (𝜃
𝑚
) beforehand and the DRRs

(𝑅(D, 𝜃
𝑚
)) created after the deformation of D applied on

planning CT at the same gantry angle. 𝑁
𝑝
is the number of

projections involved. This term is a summation of the square
of intensity difference over every pixel of all projections.
Although 𝑅 and 𝐼 are two-dimensional in reality, we can
easily use one-dimensional arrays to represent them for
computational simplification.

L-BFGS algorithm [30] is used to optimize the DVF (D).
The gradient of the energy function 𝐸 with respect to D can
be calculated as follows:

∇𝐸 (D) = 𝜇∇𝐿 (D)

+ 2

𝑁𝑝

∑

𝑚=1

(𝑅 (D, 𝜃
𝑚
) − 𝐼 (𝜃

𝑚
)) ∇𝑅 (D, 𝜃

𝑚
) .

(11)

For each iteration of L-BFGS optimization, the energy 𝐸

and its gradient ∇𝐸 are updated.
The DRRs (𝑅(D, 𝜃

𝑚
)) are generated from the resampled

deformed planning CT (𝑈new) by the ray tracing method for
each gantry angle as

𝑅 (D, 𝜃
𝑚
) = P (𝜃

𝑚
) 𝑈new (D) , (12)

where P(𝜃
𝑚
) is the cone-beam projection matrix that

describes the X-ray projection operations. The element 𝜔𝛼,𝛽
of matrix P is the weight of voxel 𝛽 in𝑈new contributed to the
pixel 𝛼 in DRR during the projection simulation calculated
by the ray tracing method.

Using (12), the gradient of the energy function 𝐸 of (11)
becomes

∇𝐸 (D) = 𝜇∇𝐿 (D) + 2

𝑁𝑝

∑

𝑚=1

P (𝜃
𝑚
)

⋅ (P (𝜃
𝑚
) 𝑈new (D) − 𝐼 (𝜃

𝑚
)) ∇𝑈new (D) .

(13)

2.2.4. GPU-Based Acceleration. The entire process of this vol-
umetric image reconstruction method was implemented on
GPU. The GPU card used in our experiments is an NVIDIA
GeForce GTX 780 Ti with 3GBGDDR5 videomemory. It has
2,880 CUDA cores with a clock speed of 1,006MHz. Utilizing
such a GPU card with tremendous parallel computing ability
can significantly increase the computation efficiency. There
are two time-consuming processes during the reconstruction.
One is the DRR generation, and the other is the gradient
computation of the similarity term in the total energy 𝐸.

(1) DRR Generation on GPU. For the DRR generation part,
it is straightforward to accomplish the ray tracing algorithm
in parallel computation. For example, each pixel intensity of

the DRR is determined by accumulating all of the weighted
voxel intensities through which one X-ray goes. This compu-
tation process is highly independent between each ray line.
In this case, different GPU threads can compute each ray line
simultaneously without conflict.

(2) Computation of Energy Gradient on GPU. From (13), it can
be seen that there are two terms in the gradient of the energy.
One is the gradient of regularization 𝜇∇𝐿(D) with respect to
DVFD: this can be easily computed in parallel based on each
mesh vertex. The other is the gradient of the similarity term.
In order to demonstrate clearly how to compute this term in
parallel, the second part of (13) is rewritten in more detail
based on pixel 𝛼 in DRR and voxel 𝛽 in𝑈new at one projection
in angle (𝜃

𝑚
).The gradient of the similarity termwith respect

to displacement vector of vertex 𝑖 (i.e., D
𝑖
) can be denoted as

follows:

𝜕𝐸sim (D, 𝜃
𝑚
)

𝜕D
𝑖

= 2

|𝑈new(D,𝑖)|
∑

𝛽=1

|𝑅(𝛽)|

∑

𝛼=1

𝜔
𝛼,𝛽

(𝑅
𝛼
− 𝐼
𝛼
) ∇𝑈
𝛽

new (D, 𝑖) ,

(14)

where 𝑈new(D, 𝑖) is the set of voxels controlled by vertex
𝑖. 𝑅(𝛽) is the set of pixels on DRR affected by voxel 𝛽.
|𝑈new(D, 𝑖)| and |𝑅(𝛽)| are the sizes of the corresponding sets.
𝑅
𝛼 is the intensity of pixel𝛼 onDRR. 𝐼𝛼 is the intensity of pixel

𝛼 on CBCT projection. 𝜔𝛼,𝛽 is one element in the projection
matrix P(𝜃

𝑚
), that is, the weight of voxel 𝛽(𝑈

𝛽

new(D, 𝑖))

contributed to the pixel 𝛼 in DRR generation. ∇𝑈
𝛽

new(D, 𝑖) is
the gradient of voxel 𝛽(𝑈

𝛽

new(D, 𝑖)) with respect toD
𝑖
.

Then the gradient of the similarity term, that is, (14), can
be rewritten by simplification as

𝜕𝐸sim (D, 𝜃
𝑚
)

𝜕D
𝑖

=

|𝑈new(D,𝑖)|
∑

𝛽=1

𝜕𝐸sim (D, 𝜃
𝑚
)

𝜕𝑈
𝛽

new (D, 𝑖)

𝜕𝑈
𝛽

new (D, 𝑖)

𝜕D
𝑖

. (15)

Finally the total gradient for all projections with respect
to displacement vectorD

𝑖
is

𝜕𝐸sim (D)

𝜕D
𝑖

=

𝑁𝑝

∑

𝑚=1

|𝑈new(D,𝑖)|
∑

𝛽=1

𝜕𝐸sim (D, 𝜃
𝑚
, 𝛽)

𝜕D
𝑖

, (16)

where 𝑁
𝑝
is the number of projections.

Now it is clearly shown that there are two components in
the gradient of the similarity term in (15).

(a) Gradient computation of the similarity energy with
respect to voxel intensity (𝜕𝐸sim(D, 𝜃

𝑚
)/𝜕𝑈
𝛽

new(D, 𝑖)): this can
be computed when the DRRs are generated and then stored
in a volume-sized matrix. However, this computation is a
little bit complicated for GPU computation. One voxel of the
CT image may probably affect a number of pixels on the
DRR image during the projection simulation, so that in the
gradient computation, it is inevitable to consider it; that is,
when mapping back the DRRs to the volume image, there
is probably more than one ray line going through one voxel.
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Volume DRR
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Figure 4: Subdividing the DRR image into small subgroups for GPU parallel computation.

If the original ray tracing implementation is directly used to
parallelize all ray lines in the gradient computation, there will
be a memory conflict within the GPU; that is, the gradient
of the similarity energy 𝐸sim with respect to one voxel
intensity is updated by different ray lines simultaneously. To
overcome this problem, the DRR image is subdivided into
small subgroups so that the ray lines in different groups
cannot go through the same voxel concurrently as shown
in Figure 4. Currently, the computation can be computed on
each voxel simultaneously by assigning it to eachGPU thread.
After that the total gradient of the similarity term as (16) is
obtained by summing up all the gradient values fromdifferent
subgroups and projections.

Tomaximally utilize theGPU’s parallel computing power,
the best subgroup size for the XCAT data is 8 × 8 pixels, and
the head and neck (H&N) patient data is 16 × 24 pixels, which
is determined during the preprocessing step.The general idea
is computed based on similar triangle property according
to the voxel scale, the pixel scale, the distance from source
to volume position, and the distance from source to DRR
position.

(b) Gradient of voxel intensity with respect to displace-
ment vector of vertex 𝑖, (𝜕𝑈𝛽new(D, 𝑖)/𝜕D

𝑖
): this can be done

in parallel based on each mesh vertex when the deformed
volume is computed, which is independent of the projection
computation.

The CPU-based serial implementation of mesh-based
3D-2D registration method on XCAT data (256 × 256 × 132)
with 60 projections (256 × 256) takes about 2.5 hours; after
using the GPU-based parallel implementation, it takes about
3 minutes, which is about 50 times faster.

2.2.5. A Multiresolution Scheme. The size of H&N patient
data used in this study is relatively large. CT volume data size
is 512 × 512 × 140 and CBCT projection size is 1024 × 768.The
reconstruction running time of CPU-based implementation
on mesh-based 3D-2D registration method with 30 projec-
tions is about 12 hours, while the running time of GPU-based
implementation is about 20 minutes, which is about 36 times
faster than the CPU-based one. The multiresolution scheme
is used to further improve the speed. In the experiment, both
the CT volume image and CBCT images are downsampled
into different resolution levels (three levels for experiments
on H&N patient data), from the coarsest level (CT volume:
256 × 256 × 70, CBCT projection: 256 × 192, and time per
iteration: 2.08 seconds) to the higher level (CT volume: 512 ×

512 × 140, CBCT projection: 512 × 384, and time per iteration:

9.91 seconds) and finally to the full resolution level (CT
volume: 512 × 512 × 140, CBCT projection: 1024 × 768, and
time per iteration: 40.44 seconds). By using this strategy, the
volumetric image reconstruction can be accomplished in 6.9
minutes, including 30 iterations of coarsest level, 15 iterations
of higher level, and 5 iterations of full resolution level (about
60 times faster than CPU-based serial implementation). It is
comparable to the fastest iterative CBCT techniques.

2.3. A Boundary-Based 3D-2D DIR. In order to further
improve the computational speed of the proposed 3D-2D
DIR method, in this section, we introduce a boundary-based
3D-2D DIR to obtain a good initial deformation; then the
feature-based nonuniform meshing for 3D-2D DIR method,
as mentioned in Section 2.2, is used to generate the final
volumetric images.

2.3.1. Extraction of 3D and 2D Boundaries. After generating
the feature-based nonuniform meshes (Section 2.1), both
planning CT images and CBCT projections are preprocessed
to create binary masks by setting “one” inside of the studied
tissue and “zero” outside as shown in Figure 5(b). Then,
the 3D tissue surface and CBCT projection boundaries are
extracted by Canny edge detector [37] (Figure 5(c)).

2.3.2. Computation of Projections by Splatting Method. In
order to directly and conveniently control the updated
positions of the deformed anatomy surface voxels, we prefer
to use the splatting method [38] to generate projections of
3D surface, instead of using the ray tracing method. This
is one main advantage of splatting method. Every voxel’s
contribution to a projection is mapped directly onto the
image plane by a kernel centered on the voxel as shown
in Figure 6. This reconstruction kernel is called a “splat” or
“footprint”:

𝑓 (𝑥, 𝑦) = ∑

𝑖,𝑗,𝑘

voxel (𝑖, 𝑗, 𝑘) kernel (𝑥, 𝑦)

= ∑

𝑖,𝑗,𝑘

voxel (𝑖, 𝑗, 𝑘) 1

√2𝜋𝜎
2

𝑒
−((𝑥−𝑠)

2
/2𝜎
2
+(𝑦−𝑡)

2
/2𝜎
2
)
,

(17)

where 𝑓(𝑥, 𝑦) is the final pixel intensity of the projection
image and voxel(𝑖, 𝑗, 𝑘) is the intensity of voxel at (𝑖, 𝑗, 𝑘)

position. kernel(𝑥, 𝑦) is the “footprint function” centered at
(𝑠, 𝑡). 𝑥 and 𝑦 are the Gaussian kernel area within radius 3𝜎

on the projection image. 𝜎 is the Gaussian kernel width.
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Figure 5: (a) Original images; (b) the 0-1 binary images; (c) boundaries of an H&N patient data.
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Image plane Volume

Splat
Voxel

Figure 6: Splatting projection.

For perspective projection with antialiasing considera-
tion, the Gaussian kernel radius should have dynamic sizes,
which can be calculated from similar triangles shown in
Figure 7 and

𝑑1

𝑑2

=

voxel scale
𝑟

,

𝜎 = 0.57𝑟,

(18)

where 𝑑1 is the distance from the X-ray source to the voxel
center and 𝑑2 is the distance from the source to kernel center
on the image plane going through a specific voxel point. 𝑟 is
the size of splat, and voxel scale is the size of the voxel. The
best coefficient value between 𝜎 and 𝑟 is 0.57 based on our
extensive experimental results. If the volume is a regular grid,
voxel scale is fixed for all the voxels.

Another main advantage of splatting method over ray
tracing is that splatting has a faster calculation speed; that is, it
is very easy to ignore empty voxels (nonsurface voxels), which

do not contribute to the final projection image. However, this
is difficult to realize in ray tracing method.

It is noted that if we directly project the volume surface
voxels (without considering kernels) onto the image plane,
some pixels may be included there not belonging to the final
2D boundaries of the projection as shown at the top left of
Figure 8. At the same time, in order to efficiently control the
projection of the surface voxels, we do not use the projection
with kernels to compute the boundaries. Instead, there are
two projections computed at each gantry angle to extract the
final 2D boundaries of the surface voxel projection. One is
the projection with voxel kernels (similar to ordinary DRR
computation) shown at the top right of Figure 8 and the
other is without kernels (directly project each surface voxel
onto the image plane) shown at the top left of Figure 8.
We have to use the projections with kernels to compute
rough DRRs (possibly aliasing exists, but we only care the
image boundaries) and then employ it to filter out the exact
2D projection boundaries of the deformed anatomy surface
shown at the bottom of Figure 9.
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VoxelSource Splat

d1

d2

Figure 7: Geometry of the perspective projection with antialiasing for splatting method.

Projection with kernels Projection without kernels

Projection boundaries

Filter out

Figure 8: Computation of 2D projection boundaries of the deformed anatomy surface from an H&N patient data.

2.3.3. Optimization of Boundary-Based 3D-2D DIR Energy.
The computed projections of 3D surface are compared
with corresponding 2D projection boundaries from CBCT
scans, and the primary DVF is iteratively optimized to obtain
a good initial deformation for final volumetric image. The
surface deformation is optimized by minimizing the total
energy 𝐸bound, which includes two terms, the regularization
used to achieve smoothness of the DVF and the similarity
between the two images that is different from the previ-
ous intensity-based formulation. Here, the projections of

the anatomy surface voxel are compared with corresponding
2D projection boundaries from CBCT scans:

𝐸bound

= 𝜇𝐿 (D)

+

𝑁𝑝

∑

𝑚=1





distmin (𝑅bound (D, 𝜃

𝑚
) , 𝐼bound (𝜃

𝑚
))






2

,

(19)
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Figure 9: Demonstration of XCATmale phantom results. (a) Original image (Phase 1); (b) target image (Phase 4); (c) deformed image from
Phase 1; (d) differences between deformed and target images.

where 𝜇 is a weighting factor and empirically set at 10.0
for the experiments. D is the DVF defined on the mesh
vertices. 𝐿(D) is regularization term defined as in (10). The
second term of the energy function indicates the similar-
ity between the CBCT projections boundaries 𝐼bound(𝜃𝑚)
acquired at gantry angle 𝜃

𝑚
beforehand and the projections

𝑅bound(D, 𝜃
𝑚
) created after the deformation of D applied on

planning CT body surface at the same gantry angle.𝑁
𝑝
is the

number of projections involved. This term is a summation of
the square of the shortest Euclidean distance between every
pixel on projections of the deformed CT surface and the
corresponding CBCT projection boundaries. 𝑘-𝑑 tree data
structure is applied to efficiently search such nearest pixels
for boundaries [38].

L-BFGS algorithm is used to optimize the DVF (D). The
gradient of the energy function 𝐸bound with respect to D can
be calculated as follows:

∇𝐸bound = 𝜇∇𝐿 (D)

+ 2

𝑁𝑝

∑

𝑚=1

distmin (𝑅bound (D, 𝜃
𝑚
) , 𝐼bound (𝜃

𝑚
))

∇distmin (𝑅bound (D, 𝜃
𝑚
) , 𝐼bound (𝜃

𝑚
)) .

(20)

∇distmin(𝑅bound(D, 𝜃
𝑚
), 𝐼bound(𝜃𝑚)) can be computed numer-

ically by finite difference with a small ΔD.
Because we do not need the exact DRRs of the deformed

3D anatomy image, the resampling is not required. What we
focus on is the updated voxel positions of the deformed 3D
anatomy surface. Then we can use the splatting method to
compute the projections of the deformed volume surface.

After the above boundary-based registration, the primary
DVF is obtained and then applied in further complete
intensity-based DIR as the initial deformation. As a result,
the final volumetric images are obtained by applying the
optimized DVF to planning CT images.

3. Results

The algorithms are implemented by using Microsoft Visual
C++ 2010, MATLAB R2013a, and NVIDIA CUDA 5.5. For
the hardware platform, the experiments are run on a desktop
computer with Intel�Xeon E5645 CPUwith 2.40GHz, 34GB
DDR3 RAM, and NVIDIA GeForce GTX 780 Ti GPU with
3GB GDDR5 video memory.

We evaluate and compare our proposed nonuniform
tetrahedral meshing for 3D-2D DIR with other 3D-2D
DIR methods, that is, voxel-based method [1–3], uniform
orthogonal grid mesh [16], and uniform tetrahedral mesh
on image visualization and quantitative evaluations on two
XCAT phantoms and five H&N cancer patients.

3.1. Evaluation. This method is evaluated thoroughly by
using two sets of digital XCAT phantoms and H&N patient
data. Taking the XCAT male phantom data for example, two
sets of 3D images, representing the same patient (phantom) at
two different respiratory phases, are created. Both the beating
heart and respiratory motions are considered, and in order to
simulate the large deformation, the max diaphragm motion
is set to 10 cm. Phase 1 and Phase 4 are shown in Figures
9(a) and 9(b). Phase 1 data is used as the original planning
CT image, while Phase 4 data represents daily CBCT images.
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(a) (b) (c)

Figure 10: Three types of meshing for XCAT male phantom data. (a) A uniform orthogonal grid; (b) a uniform tetrahedron mesh; (c) a
feature-based nonuniform tetrahedron mesh.

The deformation vector of every voxel between these two
phases is provided by the XCAT software and it is used as
the ground truth of DVF for evaluation. A set of DRRs from
Phase 4 data is created using a ray tracing method with noise
simulation as mentioned in Section 2.2.2 and subsequently
used as the raw projections from the daily CBCT.The original
CT (Phase 1 data) is deformed to fit the raw projections of
daily CBCT and finally a new set of volumetric images is
created and compared with the ground truth, Phase 4 data.
Simultaneously, the final DVF is compared with the DVF
obtained from the XCAT software.

A conventional normalized cross correlation (NCC) is
used to evaluate the similarity (i.e., the linear correlation) of
3D images and DVFs:

NCC =

∑
𝑁

𝑖=1
[𝐹intp (𝑖) − 𝐹intp] [𝐹 (𝑖) − 𝐹]

√∑
𝑁

𝑖=1
[𝐹intp (𝑖) − 𝐹intp]

2
√∑
𝑁

𝑖=1
[𝐹 (𝑖) − 𝐹]

2

, (21)

where 𝐹intp(𝑖) and 𝐹(𝑖) are the interpolated and target values,
respectively, over𝑁 voxels. 𝐹intp and 𝐹 are the average values
of the interpolated and target values.The range of the NCC is
[−1, 1]. If NCC is 1, it means two values are exactly the same.
The larger the NCC is, the more similar the values are.

The normalized root mean square error (NRMSE)
between the interpolated values 𝐹intp(𝑖) and the target values
𝐹(𝑖) is also used for comparison of 3D images and DVFs and
it denotes the related error:

NRMSE =
√

∑
𝑁

𝑖=1
[𝐹intp (𝑖) − 𝐹 (𝑖)]

2

∑
𝑁

𝑖=1
[𝐹 (𝑖)]

2
.

(22)

The range of the NRMSE is [0, +∞). If NRMSE is 0,
it means two values are exactly the same. The smaller the
NRMSE is, the more similar the values are.

To demonstrate the advantage of using feature-based
nonuniform mesh, results of three types of meshing meth-
ods are compared. These are (1) a bounding box uniform
orthogonal grid in Figure 10(a), asmentioned in [9]; (2) a uni-
form tetrahedron mesh in Figure 10(b); (3) a feature-based
nonuniform tetrahedronmesh in Figure 10(c). A voxel-based
deformation method is also evaluated.

3.2. Meshing Computation. In order to apply the meshing-
based method in the 3D-2D image registration framework,
we have to compute the meshes at first. The number of
vertices of the tetrahedron meshes in XCAT phantom data
and H&N patient data are all around 1,000; hence the
execution time of the particle-based meshing method is the
same. H&N patient data (512 × 512 × 140) is larger than
XCAT data (256 × 256 × 132), so it takes more time in the
preprocessing steps of image feature edges computation and
the density field computation for feature-based tetrahedron
mesh generation. Compared with the uniform orthogonal
grid mesh generation (5 seconds), the isotropic tetrahedron
mesh generation needs 10 seconds, and the feature-based
tetrahedronmesh generation needs more time in preprocess-
ing steps: (a) compute the image feature edges: 3.5 seconds
(XCAT data) versus 15 seconds (H&N patient data); (b)
compute the density field: 0.4minutes (XCAT data) versus 1.5
minutes (H&N patient data); (c) run particle-based meshing
framework: 10 seconds. Uniform and feature-based nonuni-
form tetrahedron meshes can be generated by our particle-
based meshing approach only if the desired density field is
available (the density field of uniform tetrahedron mesh is
globally uniform). Once these meshes are generated, they
are used by the 3D-2D DIR framework, and no additional
computation is required for the meshes. It should be noted
that the mesh generation could be done in advance as soon as
the planning CT is performed. So the time for this preprocess
can be hidden for the image registration process.

3.3. XCAT Phantom Data. Feature-based nonuniform tetra-
hedral meshes are created using approximately 1,000 vertices
on the original CT image (Figure 9(a), Phase 1 of the XCAT
male model). 60 DRRs are created from the target image
(Figure 9(b), Phase 4) at 60 different gantry angles equally
spaced over 360 degrees. The new volumetric images are
obtained by optimizing the deformation of the meshes by
comparing the 60 DRRs of the deformed images with the
corresponding projections of the target images in 100 itera-
tions of the elastic registration algorithm. Figure 9(c) shows
that the new reconstructed images are very close to the target
images.Their differences are illustrated in Figure 9(d), which
are very small.
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Figure 11: Demonstration of XCAT female phantom results. (a) Original image (Phase 1); (b) target image (Phase 4); (c) differences between
deformed and target images at the beginning of optimization; (d) differences between deformed and target images at iteration 5; (e) differences
between deformed and target images at iteration 100 (end of the optimization); (f) final deformed image from Phase 1.

To test the robustness and accuracy of the algorithm,
another XCAT female phantom with more complicated
motions including a large deformation between respiratory
Phase 1 and Phase 4 and the translation (globally translated
by four-voxel-size distance (i.e., about 4.68mm) in the
horizontal direction) is used. Other configurations are the
same as the previous male phantom case. Figure 11 shows
the intermediate and final results during the optimization
process.

While a conventional CBCT reconstruction requires
hundreds of projections, the mesh-based algorithm uses far
fewer projections since the information from the planning
CT image is used. The number of projections may vary from
case to case. Table 1 lists the deformation results using varying
numbers of projections. A larger number of projections
do yield a higher NCC and lower NRMSE, though at the
expense of longer calculation time and more radiation dose.
A reasonable balance can be observed at 60 projections, as
diminishing returns start to take effect by using a larger
number of projections.

Comparisons of results from different meshing algo-
rithms are shown in Tables 2 and 3. With regard to the
similarity of the final images, the nonuniformmesh provides
better results than the uniform orthogonal grid or uniform
tetrahedron meshes in 100 optimization iterations, for the
approximately same number of vertices.The uniform orthog-
onal grid mesh is the same as mentioned by Foteinos et al.,
who pointed out that it has the best registration performance
in their experiments [16]. With more vertices, the nonuni-
form meshing method provides image results very close to
the voxel-basedmethod,which has asmany vertices as voxels.
It shows that the voxel-based deformation may yield good
image intensity result, but the resulting DVF represents an
unrealistic anatomical mapping. This is a drawback of voxel-
based deformation and is due to its localized deformation
(i.e., there are too many sampling points and it is easy
to be trapped into some local minima). The feature-based
nonuniform meshing method overcomes this drawback and
yields more anatomically accurate DVF (both the NCC and
NRMSE measurements on DVF of the nonuniform meshing
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Table 1: Digital XCAT male phantom study results using various numbers of projections.

Number of projections used 10 20 30 60 90 120
NCC of images 0.9788 0.9812 0.9825 0.9855 0.9859 0.9860
NRMSE of images 0.1952 0.1836 0.1769 0.1612 0.1587 0.1585
NCC of DVF 0.7823 0.7946 0.8012 0.8150 0.8189 0.8201
NRMSE of DVF 1.0055 0.9076 0.8525 0.8118 0.7959 0.7951
Note. These comparison experiments are run through 100 iterations.

Table 2: Evaluation of reconstruction accuracy based on a digital XCAT male phantom.

Uniform orthogonal
grid

Uniform
tetrahedron mesh

Nonuniform
tetrahedron mesh

Nonuniform
tetrahedron mesh

Voxel-based
method

Number of vertices 1,050 987 1,005 10,004 8,650,762
NCC of images 0.9829 0.9835 0.9855 0.9858 0.9872
NRMSE of images 0.1749 0.1705 0.1612 0.1593 0.1514
NCC of DVF 0.7690 0.7829 0.8150 0.8265 0.6061
NRMSE of DVF 1.2366 1.0923 0.8118 0.8059 1.2484
Note. The three mesh-based methods are run through 100 iterations, while the voxel-based method needs 200 iterations.

Table 3: Evaluation of reconstruction accuracy based on a digital XCAT female phantom.

Uniform orthogonal
grid

Uniform
tetrahedron mesh

Nonuniform
tetrahedron mesh

Nonuniform
tetrahedron mesh

Voxel-based
method

Number of vertices 980 981 1,011 10,000 8,650,752
NCC of images 0.9789 0.9792 0.9829 0.9846 0.9775
NRMSE of images 0.1970 0.1954 0.1766 0.1682 0.2035
NCC of DVF 0.7687 0.7680 0.7672 0.7649 0.6292
NRMSE of DVF 1.3875 1.1358 0.9705 0.9777 1.0317
Note. The three mesh-based methods are run through 100 iterations, while the voxel-based method needs 200 iterations.

method are better than those of the voxel-based method,
which were applied in [1–3]). Furthermore, from Figure 12,
it is clearly seen that the energy curve of the feature-based
meshingmethod (the red linewith trianglemarker) decreases
dramatically faster than any other methods; that is, it has
faster convergence speed during the image registration opti-
mization. It is noted that because different meshes or voxel-
based methods may have different regularization terms,
such as different numbers of displacement vectors, we only
compare the similarity term in (9) to make the comparison
fair. With the large translation in the XCAT female phantom,
the results (in Table 3) of voxel-based method are not as
good as the meshed-based methods in both images and
DVF measurements, due to its localized deformation and
translation.

3.4. H&N Patient Data. This feature-based nonuniform
meshing image registration method has been tested on five
clinical data sets from the head and neck cancer patients
H&N01∼H&N05. Figure 13 illustrates the density field map-
ping based on image feature edges and feature-based tetra-
hedron mesh of H&N01 patient data. Figure 14 shows the
deformation results from axial view (a big tumor on the right
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Figure 12: The similarity energy (𝐸sim(D) term in (9)) curves of
different methods (voxel-based, uniform orthogonal grid, uniform
tetrahedron mesh, and nonuniform tetrahedron mesh) in image
registration.
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Table 4: Results with different numbers of projections on H&N01 patient data.

Number of projections used 10 20 30 60 90
NCC of images 0.8458 0.8459 0.8460 0.8460 0.8460
NRMSE of images 0.4798 0.4794 0.4792 0.4792 0.4792
Note. These comparison experiments are run through 50 iterations.

Table 5: Comparison of three meshes on the data of five head and neck cancer patients.

Patients Uniform orthogonal grid Uniform tetrahedron mesh Nonuniform tetrahedron mesh
H&N01

Number of vertices 936 992 1,007
NCC 0.8327 0.8358 0.8460
NRMSE 0.4988 0.4938 0.4792

H&N02
Number of vertices 1,040 990 1,000
NCC 0.9036 0.9122 0.9134
NRMSE 0.4182 0.4116 0.4084

H&N03
Number of vertices 980 1,000 998
NCC 0.8470 0.8471 0.8482
NRMSE 0.4748 0.4743 0.4722

H&N04
Number of vertices 1,001 1,000 1,000
NCC 0.7756 0.7806 0.8111
NRMSE 0.5841 0.5817 0.5567

H&N05
Number of vertices 980 1,000 995
NCC 0.7565 0.7690 0.7843
NRMSE 0.6278 0.6092 0.5712

Note. The three mesh-based methods are run through 50 iterations.

Table 6: Evaluation of boundary-based DIR accuracy on an H&N cancer patient data.

Status Initial Boundary-based DIR Full DIR
NCC of images 0.7627 0.7875 0.7919
NRMSE of images 0.5938 0.5569 0.5479

side of the patient’s chin shrinks) compared with the con-
ventional CBCT reconstruction results of H&N01 patient
data. The effects of various numbers of projections are also
evaluated and the results are shown in Table 4. The three
meshing methods, uniform orthogonal, uniform tetrahe-
dron, and feature-based nonuniform tetrahedron (as shown
in Figure 15), are evaluated with results shown in Table 5 for
all patient data sets. The nonuniform meshing method again
yields the highest accuracy and has faster convergence speed
during the image registration. It is noted that, comparing
the accuracies in the XCAT phantom data and the H&N
patient data, the NRMSE seems larger in the patient cases
(∼0.5) than that in the XCAT cases (<0.2); this is because, in
the patient case, the reconstructed CBCT image is computed
based on the planning CT image, and the patient had the
planning CT scan and daily CBCT scans on different days
and machines, which may cause the differences in the image
background, noises, and so forth, resulting in larger NRMSE

values. However, it is acceptable in the image results as shown
in Figure 14.

3.5. Boundary-Based 3D-2D DIR Results. For the H&N05
cancer patient data, which has a large deformation on tumor
during treatment, we use it to evaluate the effectiveness
of the boundary-based 3D-2D DIR method. Figures 16(a)
and 16(b) show the original and final differences of one
projection boundary in boundary-based DIR. Figure 16(d)
demonstrates that the final deformed CT images are very
close to the target images (Figure 16(e)) and their differences
are very small by further intensity-based 3D-2D DIR.

The accuracy of the boundary-based 3D-2DDIR and fur-
ther intensity-based 3D-2D DIR are performed on H&N05
cancer patient data. Both the NCC and NRMSE shown in
Table 6 demonstrate that boundary-based DIR can provide a
good initial guess of the deformation for the further intensity-
based 3D-2D DIR; that is, after the boundary-based 3D-2D
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Figure 13: Demonstration of the feature-based mesh generation on the H&N01 patient data. (a) The original image; (b) extracted feature
edges; (c) density field; (d) a 2D view of the interior meshes with color-mapping.

(a) (b) (c)

Figure 14: Demonstration of H&N01 patient results from axial view. (a) Original CT image; (b) deformed image; (c) target image (daily
CBCT).

DIR, NCC and NRMSE are close to the final 3D-2D DIR
accuracy results.

With the GPU-based implementation, taking this H&N
cancer patient data for example, our boundary-guided
method takes 5.26 seconds per iteration, which is about 10
times faster than the non-boundary-guided method (i.e.,
59.75 seconds).Themultiresolution scheme is used to further
improve the speed on both boundary-based 3D-2D DIR and

further intensity-based 3D-2D DIR. In the experiment, only
the CBCT images are downsampled into different resolution
levels (three levels for experiments on H&N05 patient data),
from the coarsest level (CBCT projection: 256 × 192, time
for boundary-based DIR: 1.37 seconds/iteration, and time
for intensity-based DIR: 3.15 seconds/iteration) to the higher
level (CBCT projection: 512 × 384, time for boundary-based
DIR: 2.11 seconds/iteration, and time for intensity-basedDIR:
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Figure 15: Three types of meshing for H&N01 cancer patient data. (a) A uniform orthogonal grid; (b) a uniform tetrahedron mesh; (c) a
feature-based nonuniform tetrahedron mesh.

(c) (e)(d)

(a) (b)

Figure 16: Demonstration of H&N05 patient data results. (a), (b) Differences between projection of the original/final surface voxel (white
dots) and the target CBCT projection boundary (black dots); (c) original CT image; (d) reconstructed image from original CT image; (e)
target image (daily CBCT).

15.01 seconds/iteration) and finally to the full resolution
level (CBCT projection: 1024 × 768, time for boundary-
based DIR: 5.26 seconds/iteration, and time for intensity-
based DIR: 59.75 seconds/iteration). At the same time, the
proposed method needs fewer optimization iterations (35
iterations compared with original 50 iterations). The signif-
icant advantage of this method is that, instead of registering
thewhole image, we just need to register the surface voxel and
projection boundaries, which involves much fewer number
of voxels and pixels. In addition, in the H&N patient data
case, we only focus on the 3D surface and 2D projection
boundaries, so that the effects of different image modalities
will be ignored. By using both GPU implementation and
multiresolution scheme, the volumetric image reconstruction
of 512 × 512 × 140 H&N cancer patient can be accomplished

within 3 minutes (compared with 6.9 minutes of the original
3D-2D DIR in Section 2.2.5), so that this boundary-based
3D-2D DIR method could be probably used in the clinically
practical studies.

4. Conclusion and Future Work

The feature-based nonuniform meshing allows more sam-
pling points to be placed in the important regions; thus
the deformation can be controlled more precisely. With the
approximately same numbers of sampling points (vertices),
the feature-based nonuniform meshing method produces
better registration results, where a larger NCC is obtained
compared with the uniform orthogonal grid and the uniform
tetrahedron meshes. While this improvement may seem
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small, it is important to note that the NCC is very close to
1 because only minor anatomic changes occur. The NRMSE
measurement is also provided to represent the differences
between deformed images and the ground truth images.
In H&N patient data, again, the feature-based nonuniform
meshing method yields the highest accuracy of registration
among the various methods.

It is intuitive that more sampling points (10,000 versus
1,000) lead to better results. In contrast, the voxel-based
deformation provides the best image results in XCAT male
phantombut requires usingmore than eightmillion sampling
points. However, when the optimized DVF is compared with
the ground truth DVF, the DVF of voxel-based deformation
is significantly less similar to the ground truth than the
feature-based nonuniform meshing method. Voxel-based
deformation may yield better image intensity result, but the
resulting DVF represents an unrealistic anatomical mapping.
This is a drawback of voxel-based deformation and is due to
its localized deformation.The feature-basedmeshingmethod
overcomes this drawback and yields more anatomically accu-
rate DVF.

As for the mesh quality, before deformation, the nonuni-
form tetrahedral meshes are generated based on the smooth
density field as introduced in Section 2.1.2 so that we can
obtain the high-quality adaptive tetrahedral meshes without
any degradation and self-intersection. After image registra-
tion (deformation), the adaptive tetrahedral meshes are all
good as well. These are two factors to guarantee no degraded
and self-intersected tetrahedrons in the deformed meshes:
(1) in the proposed energy function in (9), the regularization
term 𝐿(D) and weighting factor 𝜇 are to achieve the smooth-
ness of the DVFs. (2) The target DVFs are quite smooth
in both the XCAT phantoms and H&N cancer patients. Of
course, if the DVFs are highly varying with sharp discontinu-
ities or weighting factor 𝜇 is not set properly, the deformed
tetrahedral meshes will have problems, such as degradations
or self-intersections. Since the mesh quality study is beyond
the scope of this work, future studies are warranted.

The repeated use of CBCT during a course of treatment
could deliver high extra imaging dose to patients. For
example, if weekly CBCT pelvis scans are performed with the
conventional faction scheme, the total dose will be around
4.05mSv/scan × 6 weeks = 24.3mSV; and the total dose
of head scans will be around 2.0mSv/scan × 6 weeks =
12.0mSV (Table II in [39]). If the daily CBCT is performed,
the total dose will be much higher. Using this method,
far fewer projections are needed to produce a set of high-
quality volumetric deformed images than in conventional
CBCT reconstruction, which can dramatically reduce the
radiation dose during CBCT scans. Additionally, it is clearly
seen that the feature-based nonuniform meshing method
has faster convergence speed than other methods during the
registration process.

Moreover, the proposed boundary-based 3D-2D DIR
method can substantially further improve both the accuracy
and the speed of reconstructing volumetric images by pro-
ducing a good initial DVF. This eventually will lead to a fast
and safe daily volumetric imaging with a very small number
of projections for image-guided radiation therapy or online

adaptive radiation therapy. There might be a limitation of
this boundary-based method, if the deformation happens
mainly in the internal organs. In the case of lung, its intensity
is significantly different from that of chest wall, so we may
segment lung and apply the proposed boundary-based 3D-
2D DIR method only focusing on the lung first.

In the future, our feature-based nonuniform meshing
method may also be applied to 4D images registration. A
CBCT scan acquires approximately 600 hundred projections
in a full rotation, and if they are sorted into ten respiratory
phases, the corresponding 4D simulation CT set can be used
to generate a high-quality, full 4D CBCT image set without
exposing the patient to additional imaging dose. Currently,
the feature-based nonuniform meshing method has been
employed to some head and neck cancer patient data and
achieved excellent results. In the future, we will investigate
and determine the clinical accuracy of the method based on
more patient data and statistical analysis in some follow-up
applications for other cancer cases: such as breast, lung, and
prostate cancers.
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Background. To comprehensively assess the efficacy and safety of whole-brain radiotherapy (WBRT) combined with gefi-
tinib/erlotinib for treatment of brain metastases (BM) from non-small-cell lung cancer (NSCLC). Methods. Databases including
PubMed, EMBASE.com, Web of Science, and Cochrane Library were searched from inception to April 12, 2015. Studies
on randomized controlled trials (RCTs) and case-control trials comparing WBRT combined with gefitinib/erlotinib versus
WBRT alone for BM from NSCLC were included. Literature selection, data extraction, and quality assessment were performed
independently by two trained reviewers. RevMan 5.3 software was used to analyze data. Results. A total of 7 trials involving
622 patients were included. Compared with WBRT alone or WBRT plus chemotherapy, WBRT plus gefitinib/erlotinib could
significantly improve response rate (OR = 2.16, 95% CI: 1.35–3.47; 𝑃 = 0.001), remission rate of central nervous system (OR = 6.06,
95% CI: 2.57–14.29; 𝑃 < 0.0001), disease control rate (OR = 3.34, 95% CI: 1.84–6.07; 𝑃 < 0.0001), overall survival (HR = 0.72, 95%
CI: 0.58–0.89; 𝑃 = 0.002), and 1-year survival rate (OR = 2.43, 95% CI: 1.51–3.91; 𝑃 = 0.0002). In adverse events (III-IV), statistically
significant differences were not found, except for rash (OR = 7.96, 95% CI: 2.02–31.34; 𝑃 = 0.003) and myelosuppression (OR =
0.19, 95% CI: 0.07–0.51; 𝑃 = 0.0010). Conclusions. WBRT plus gefitinib/erlotinib was superior to WBRT alone and well tolerated in
patients with BM from NSCLC.

1. Introduction

Brain metastases (BM) are the most frequent intracranial
brain tumors, which can be found in approximately 20–40%
of all cancer patients. Lung and breast cancers andmelanoma
are responsible for up to 80% of metastatic brain lesions [1].
Among patients with non-small-cell lung cancer (NSCLC),
the proportion that develops brain metastases is as high
as 50% [2]. Life expectancy for these patients is poor, and
the average survival is 1-2 months without any treatment
[3]. A median survival of 3–6 months can be obtained for
patients receiving symptomatic therapy with corticosteroids
and whole-brain radiotherapy (WBRT) [4].

Recently, several phase II or phase III trials of stan-
dard platinum-based chemotherapy regimens for BM from
NSCLC have been conducted [5–10], resulting in 23%–68%
response rate and 4–12.6-month overall survival. However
the effect of combining WBRT with chemotherapy in the
management of BM is limited and inconsistent due to the
limited ability of most chemotherapeutic drugs to cross the
blood brain barrier [11].

In recent years, new targeted therapies are undergo-
ing active development and encouraging results have been
obtained so far [12]. A previously published review demon-
strated the intracranial efficacy of targeted therapies (EGFR
tyrosine kinase inhibitors, ALK inhibitors), which were
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globally superior to the efficacy of standard chemotherapy
[13]. However, this review was qualitative and the quality
of evidence was not evaluated. Some retrospective series
and phase II randomized studies have been conducted
recently to compare the efficacy of combining WBRT with
gefitinib/erlotinib versus WBRT alone for patients with BM
from NSCLC.

Our study aims therefore to comprehensively assess the
quality of currently available evidences and to quantitatively
evaluate the efficacy and safety of WBRT combined with
gefitinib/erlotinib for BM from NSCLC.

2. Methods

This study adhered to the Preferred Reporting Items for
Systematic Review and Meta-Analysis (PRISMA) statement
[14]. Ethical approval and patient consent were unnecessary
for the current study as this was a meta-analysis based on
published studies. Literature retrieval, literature selection,
data extraction, and quality assessment were performed inde-
pendently by two trained reviewers; disagreements between
the reviewers were resolved by consulting a third expert
adjudicator.

2.1. Literature Retrieval. Databases retrieved included
PubMed, EMBASE.com, Web of Science (via ISI Web of
Knowledge), and the Cochrane Library from inception to
April 12, 2015, using the terms epidermal growth factor recep-
tor, EGFR, erlotinib, tarceva, erbtinib, iressa, gefitinib, geft-
inat, brain neoplasm∗, brain cancer∗, brain carcinoma∗,
brain tumor∗, metasta∗, lung neoplasm∗, lung cancer∗, lung
carcinoma∗, lung tumor∗, whole-brain radiotherapy, WBRT,
and other. The references of included studies were tracked
to identify potential relevant studies. The search strategy for
PubMedwas as follows: (((((“lungneoplasm∗”[Title/Abstract]
OR “lung cancer∗”[Title/Abstract] OR “lung carcinoma∗”
[Title/Abstract] OR “lung tumor∗”[Title/Abstract] OR “Lung
Neoplasms”[Mesh])))AND ((metasta∗[Title/Abstract]) AND
((((“brain neoplasm∗”[Title/Abstract] OR “brain cancer∗”
[Title/Abstract] OR “brain carcinoma∗”[Title/Abstract] OR
“brain tumor∗”[Title/Abstract]))) OR “Brain Neoplasms”
[Mesh]))) AND ((“whole-brain radiotherapy”[Title/Abstract]
OR WBRT[Title/Abstract] OR “radiation therapy”[Title/
Abstract] OR radiotherapy[Title/Abstract] OR “irradiation
therapy”[Title/Abstract] OR “radiation therapy”[Title/Ab-
stract] OR “Radiotherapy”[Mesh]))) AND ((((“epidermal
growth factor receptor”[Title/Abstract] OR EGFR[Title/Ab-
stract] OR erlotinib[Title/Abstract] OR tarceva[Title/Ab-
stract] OR erbtinib[Title/Abstract] OR iressa[Title/Abstract]
OR gefitinib[Title/Abstract] OR geftinat[Title/Abstract])))
OR “Receptor, Epidermal Growth Factor”[Mesh]).

2.2. Inclusion Criteria. Studies meeting the following eligi-
bility criteria were included: (a) type of population: histo-
logically or cytologically confirmed NSCLC and multiple
BM (≥3) documented by MRI or contrast CT scan; aged 18
years of age or older; (b) type of intervention: WBRT plus
erlotinib/gefitinib; (c) type of comparison: WBRT alone or

WBRT plus chemotherapy; (d) type of design: randomized
controlled trials (RCTs) or case-control studies; (e) type of
outcomes: response rate (RR) and overall survival (OS) were
primary endpoints; toxicity, disease control rate (DCR), 1-
year survival rate, and remission rate of central nervous
system (RR-CNS) were secondary endpoints.

2.3. Literature Selection. All records were downloaded and
imported into EndNote X6, which is a referencemanagement
software tool. Duplicates were removed and the title and
abstract of the remaining records were examined indepen-
dently by two reviewers according to inclusion and exclusion
criteria.Then the full texts of potentially relevant studies were
obtained to identify interesting studies. Reasons for exclusion
were documented.

2.4. Data Extraction and Assessment of Risk of Bias. Data
were extracted using a predesigned data extraction sheet
including the first author, year of publications, sample,
median age, intervention regimen, control regimen, study
design, outcomes, median OS, and median PFS. Kaplan-
Meier curve was read by Engauge Digitizer version 4.1 (avail-
able at http://sourceforge.net/) if the adequate data were not
reported in the papers [15], and the formula recommended by
Spruance et al. [16] was used to calculate the corresponding
HR of the missing survival data.

The risk of bias was assessed according to the Cochrane
Handbook version 5.1.0 [17], including method of random
sequence generation (selection bias), allocation concealment
(selection bias), blinding (performance bias and detection
bias), incomplete outcome data (detection bias), and selective
reporting (detection bias). We evaluated methodological
quality as low, high, or unclear risk of bias.

2.5. Data Analysis. The odds ratio (OR) with 95% confidence
interval (95% CI) was calculated regarding to RR, CN-RR,
DCR, 1-year survival rate, and AEs. The Chi-square statistic
was used to assess the heterogeneity between trials with
𝐼
2 less than 50% and 𝑃 value greater than 0.10 suggesting
that there was no statistical heterogeneity, and a Mantel-
Haenszel fixed effects model was used for meta-analysis.
A Mantel-Haenszel random effects model was used when
clinical characteristics and methodology were not identified
to have great difference and 𝐼2 was greater than 50% and 𝑃
value was less than 0.10. If the clinical characteristic and/or
methodology across studies were considered to be obviously
different, only qualitative analysis was adopted [18]. Inverse
variance fixed or random effects model was used to pool
the overall hazard ratio (HR) for OS. When heterogeneity
was identified, subgroup analysis and metaregression were
conducted to determine the possible causes of heterogeneity
such as different target agents (erlotinib or gefitinib), different
study designs (randomized or nonrandomized), and sample
size (<100 or ≥100). Sensitivity analysis was performed to
identify influence of the study regarding overall effective size.
In addition, potential publication bias was assessed by using
the Begg and Egger tests [19, 20]. 𝑃 value less than 0.05 was
considered significant. All data analysis was performed by
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using RevMan 5.3 software (The Nordic Cochrane Centre,
Copenhagen, Denmark) and STATA 12.0 software (Stata
Corporation, College Station, Texas, USA).

3. Results

3.1. Literature Selection and Characteristics of Included Stud-
ies. A total of 426 records were identified from electronic
databases and 4 references were tracked. Finally, 7 studies
[21–27] involving 622 patients were included. The search
results and selection details are shown in Figure 1.

The detailed characteristics of included studies are shown
in Table 1. Of the seven studies included, three [22, 24, 26]
were randomized controlled trials and four [21, 23, 25, 27]
were case-control studies. They were published between 2012
and 2014. The sample sizes ranged from 53 to 161. Three
studies could be identified as phase II and four did not report
trial phase. Median OS was reported in five studies [22, 24–
27], and only two [22, 27] reported median nPFS.

3.2. Assessment of Risk of Bias. The details of this analysis
are shown in Figure 2. Four studies were case-control trials;
therefore the risk of bias was high regarding adequate
sequence generation, adequate allocation concealment, and
blinding. Of three RCTs included, all described methods for
adequate sequence generation such as center random and
minimization method; two RCTs reported using adequate
allocation concealment, and one RCT was a double-blinded
design study. The overall methodological quality of included
studies was poor because only three were RCTs.

4. Results of Meta-Analysis

4.1. Response Rate (RR). Four studies [23–25, 27] reported the
overall response rate for patients with BM.The heterogeneity
test indicated that a fixed effects model could be used to pool
the RR (𝐼2 = 17%, 𝑃 = 0.31). Compared with WBRT alone,
there was a statistically significant improvement in RR for
WBRT combined with gefitinib/erlotinib (OR = 2.16, 95% CI:
1.35–3.47; 𝑃 = 0.001) (Figure 3).

Three studies [21, 23, 25] reported the RR-CNS, with
273 patients involved. There was no significant statistical
heterogeneity in pooled analysis of all included studies (𝐼2 =
22%, 𝑃 = 0.28) and thus a fixed effects model was used to
perform meta-analysis. Compared with WBRT alone, there
was a statistically significant improvement in RR-CNS for
WBRT combinedwith gefitinib/erlotinib (OR= 6.06, 95%CI:
2.57–14.29; 𝑃 < 0.0001) (Figure 3).

4.2. Disease Control Rate (DCR). Four studies [23–25, 27]
reported the overall response rate, with 429 patients involved.
The heterogeneity test indicated that a fixed effects model
could be used (𝐼2 = 0%, 𝑃 = 0.59). Compared with WBRT
alone, there was a statistically significant improvement in
DCR for WBRT combined with gefitinib/erlotinib (OR =
3.34, 95% CI: 1.84–6.07; 𝑃 < 0.0001) (Figure 3).
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4.3. Overall Survival (OS). Five studies [21, 22, 25–27]
reported the overall survival, with 408 patients involved. The
heterogeneity test indicated that a fixed effects model could
be used (𝐼2 = 33%, 𝑃 = 0.20). The meta-analysis showed
that WBRT combined with gefitinib/erlotinib significantly
prolonged OS compared toWBRT alone (HR = 0.72, 95% CI:
0.58–0.89; 𝑃 = 0.002) (Figure 4).

4.4. 1-Year Survival Rate. Four studies [24–27] reported
the 1-year survival rate, with 327 patients involved. The
heterogeneity test indicated that a fixed effects model could
be used (𝐼2 = 0%, 𝑃 = 0.45). The meta-analysis showed
that WBRT combined with gefitinib/erlotinib significantly
prolonged 1-year survival rate compared toWBRT alone (OR
= 2.43, 95% CI: 1.51–3.91; 𝑃 = 0.0002) (Figure 5).

4.5. Adverse Events (III-IV). The results of the meta-analysis
for adverse events are shown in Figure 6. The heterogeneity
tests for all adverse events indicated that there were no
statistical differences except for myelosuppression (III-IV)
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Figure 6: Meta-analysis for adverse events (III-IV).

(𝐼2 < 50%, 𝑃 > 0.10). The meta-analysis showed that WBRT
plus gefitinib/erlotinib increased the incidence of rash (III-
IV) (OR = 7.96, 95% CI: 2.02–31.34; 𝑃 = 0.003) but reduced
the incidence of myelosuppression (III-IV) (OR = 0.19, 95%
CI: 0.07–0.51; 𝑃 = 0.0010). Statistical differences were not
found regarding other adverse events.

4.6. Subgroup Analysis and Sensitivity Analysis. The hetero-
geneity tests for interesting outcomes indicated that there

were no statistical differences between studies (𝐼2 < 50%,
𝑃 > 0.10). Therefore subgroup analysis and meta regression
were not conducted for the current study.

Figure 7 shows the results of sensitivity analysis regarding
OS. We found that excluded studies did not influence the
overall effective size.

4.7. Publication Bias. For the meta-analyses of RR and OS,
there was no evidence of significant publication bias by
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Figure 7: Sensitivity analysis of OS.

inspection of the formal statistical tests (RR: Egger’s test, 𝑃 =
0.276; Begg’s test, 𝑃 = 0.497 and OS: Egger’s test, 𝑃 = 0.478;
Begg’s test, 𝑃 = 0.142).

5. Discussion

This is a systematic review and meta-analysis to compre-
hensively assess the efficacy and safety of WBRT combined
with gefitinib/erlotinib for treatment of BM from NSCLC.
The present meta-analysis suggests that compared with
WBRT alone or WBRT plus chemotherapy, WBRT plus
gefitinib/erlotinib can significantly improve the RR, RR-
CNS, and DCR and prolong the OS and 1-year survival
rate. Regarding the incidences of adverse events, WBRT plus
gefitinib/erlotinib was well tolerated except for increased risk
of rash (III-IV) in the treatment of patients with multiple BM
from NSCLC.

Current therapeutic approaches for patients with multi-
ple BM from NSCLC mainly include surgery, whole-brain
radiotherapy (WBRT), stereotactic radiosurgery (SRS), and
chemotherapy [28]. However, advances in the understanding
of the BM pathobiology and development of molecular
targeted agents hold promise for improved prophylaxis
and therapy of BM [29]. Epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors (TKIs), such as erlotinib,
have been approved in 2004 by the US Food and Drug
Administration for treating locally advanced or metastatic
NSCLC [30]. A mass of studies have demonstrated that
the objective response rate is 42.9%–87.5%, and DCR is as
high as 87.5%–100.0% for targeted agents combined with
radiotherapy in the treatment of patients with multiple BM
[31]. A phase II trial also showed that the median overall
survival time was 11.8 months for patients with BM from
NSCLC [32]. These results are consistent with Zhuang et al.
[21]. However, Pesce et al. [26] concluded that WBRT plus
gefitinib could not prolong the survival time for patients with
BM from NSCLC. The discrepancy can be ascribed to the
limited sample size of Pesce et al.’s study. A meta-analysis was
therefore urgently needed to systematically assess the quality

of available evidence and make a scientific conclusion about
WBRT plus gefitinib/erlotinib in treating BM from NSCLC.

Regrettably, a subgroup meta-analysis related to EGFR
mutation status was not conducted because only one trial
was identified. Previous studies showed that targeted therapy
was beneficial for patients with BM.The overall response rate
was 70%–89% for patients with intracranial lesions, and the
overall survival time was 12.9–19.8 months longer [33, 34].
Zhuang et al.’s study showed that, compared with EGFRwild-
type patients, there was no significant improvement in LPFS,
PFS, and OS for mutated EGFR mutation patients [21]. More
studies of WBRT plus gefitinib/erlotinib in treatment of BM
with EGFR mutations are needed.

The present study had certain limitations. Firstly, the
overall methodological quality of included studies was low.
Only three RCTs were included to assess the efficacy of the
combined treatment. Most of the studies evaluating WBRT
plus gefitinib/erlotinib for BM fromNSCLC were case series,
and only few controlled trials could be identified. Secondly,
the small sample size of the included studies might have led
to inadequate statistical power. The present conclusions are
based on phase II trials, and more phase III randomized
controlled trials are needed. Thirdly, subgroup analyses of
different pathological subtypes, trial phase, smoking status,
median age, and EGFR mutations status were not performed
due to inadequate reporting across studies.

Overall, the currently available evidence indicates that
RR, RR-CNS, DCR, OS, and 1-year survival rate can be
improved by using WBRT combined with gefitinib/erlotinib
in patients with BM from NSCLC, and the adverse events
(III-IV) are well tolerated. Moreover, the efficacy of other
targeted agents for BM from NSCLC should be assessed in
future studies.
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Thegoal of this studywas to evaluate real-time volumetric anddosimetric changes of the parotid gland so as to determine replanning
criteria and timing for parotid protection-based adaptive radiation therapy in nasopharyngeal carcinoma. Fifty NPC patients were
treated with helical tomotherapy; volumetric and dosimetric (𝐷mean, 𝑉1, and𝐷50) changes of the parotid gland at the 1st, 6th, 11th,
16th, 21st, 26th, 31st, and 33rd fractions were evaluated. The clinical parameters affecting these changes were studied by analyses
of variance methods for repeated measures. Factors influencing the actual parotid dose were analyzed by a multivariate logistic
regression model. The cut-off values predicting parotid overdose were developed from receiver operating characteristic curves and
judged by combining them with a diagnostic test consistency check. The median absolute value and percentage of parotid volume
reduction were 19.51 cm3 and 35%, respectively. The interweekly parotid volume varied significantly (𝑝 < 0.05). The parotid𝐷mean,
𝑉
1
, and 𝐷

50
increased by 22.13%, 39.42%, and 48.45%, respectively. The actual parotid dose increased by an average of 11.38% at

the end of radiation therapy. Initial parotid volume, initial parotid 𝐷mean, and weight loss rate are valuable indicators for parotid
protection-based replanning.

1. Background

Due to the anatomical and biological specificity of nasopha-
ryngeal carcinoma (NPC), radiation therapy or chemoradio-
therapy has been recognized as a definitive treatment. Studies
have shown that the higher the radiation dose delivered
to the target volume, the better the local disease control
ratio [1]. The escalation of the delivered dose, however,
often leads to severe and related side-effects. Xerostomia is
one of the most frequent side-effects and the amount of
radiation that is delivered to the parotid glands, assuming a
major role in stimulating salivary flow, affects NPC patients’
quality of life. Therefore, when treating NPC it is crucial

to minimize the dose to the parotid glands while ensuring
adequate dose distribution to the target volumes. Unlike two-
dimensional conventional radiation therapy (2DCRT) and
three-dimensional conformal radiation therapy (3DCRT),
intensity modulated radiation therapy (IMRT) can deliver a
highly conformal dose to targets while effectively sparing crit-
ical normal organs, potentially improving the local control
rate and reducing radiation-related toxicities [2–5].

Patients with head and neck cancer may be subjected
to significant anatomical changes during radiation therapy,
changes which can cause volume shrinkage near the facial
surface [6–8]. And parotid gland variations may result in an
unanticipated overdose [9, 10]. Replanning during radiation
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therapy can correct these anatomical changes and protect
parotid glands from an overdose of irradiation [10–12].
However, the indications and timing of replanning are still
unknown.

Helical tomotherapy (HT) is a unique IMRT modality
that combines elements of diagnostic radiology and radiation
therapy in a single unit. In addition to its ability to deliver
a highly conformal dose distribution, HT is equipped with
xenon detectors that have been designed to obtain the
megavoltage computed tomography (MVCT) images that are
used for pretreatment set-up verification and actual dose
detection [13]. In the previous study, we evaluated weekly
anatomical and dosimetric changes of the parotid gland in 35
NPC patients treated with HT system and found that some
patients’ parotid volumes and locations varied significantly,
generally causing an increase of the actual delivered dose [14].
It is thus necessary to identify relevant factors that affect these
changes. We performed this study in order to evaluate the
real-time volumetric and dosimetric changes of the parotid
gland and thus determine the replanning cut-off values for
parotid protection-based adaptive radiation therapy (ART) in
NPC.

2. Materials and Methods

2.1. Patients. We pooled data from the 100 parotid glands of
50 NPC patients that were treated with the TomoTherapy Hi-
Art Treatment System (Accuray, Sunnyvale, CA).Thepatients
were all initially diagnosed, histologically proven, and had
a median age of 44 years (range: 11–80 years). Thirty of the
50 patients received platinum-based chemotherapy, and 20
others received only radiation therapy. Informed consent was
obtained from all patients before receiving treatment. The
main patient characteristics are summarized in Table 1.

2.2. Delineation and the Dose to Target Volumes and Organs
at Risk (OARs). The process of CT simulation and the delin-
eation of targets and OARs have been previously reported
[14]. Briefly, the gross target volume of the primary tumor
(GTVnx) andmetastatic lymph nodes (GTVnd)were, respec-
tively, defined as the visible tumor and involved nodes.
The pGTVnx was obtained by expanding the corresponding
GTVnx by a margin of 3–5mm and being limited by the
brainstem, spinal cord, optic chiasma, and optic nerve. The
pGTVnd was the GTVnd with an expansion of 3mm. CTV

1

covered the high-risk clinical target volume, and CTV
2

included the low-risk clinical target volume. Each CTV was
automatically expanded in order to generate the correspond-
ing planning target volume (PTV) with an isotropic 3mm
margin, while assuring that the edge of the distribution was
at least 2mm from the skin. The contour of parotid glands
referred to the standard of van de Water et al. [15].

Treatment planning was made on the TomoTherapy Hi-
Art 2.2.4.1 workstation. Treatment was delivered in 33 frac-
tions to the primary tumor and metastatic nodes (pGTVnx
and pGTVnd) for a total of 70Gy, while the PTV1 and PTV2
received 60Gy and 56Gy, respectively. The following dose-
volume constraints forOARswere utilized: brainstem𝐷max <
54Gy, lens 𝐷max < 5Gy, optic nerve 𝐷max < 54Gy, spinal

Table 1: Patient characteristics.

Characteristics Number of
patients Percent (%)

Gender
Male 40 80
Female 10 20

Age 11–80 years (median, 44 years)
UICC stage (2002)
T
1 13 26
2 16 32
3 13 26
4 8 16

N
0 18 36
1 15 30
2 15 30
3 2 4

M
0 50 100

Treatment method
RT 20 40
CCRT 13 26
ICT + CCRT 17 34

Primary tumor volume 37.54 ± 25.23 (4.36–118.00) cm3

Volume of metastatic nodes 13.15 ± 23.18 (0–133.35) cm3

Weight loss rate at the end of RT 10.80 ± 4.12%
RT: radiation therapy; CCRT: concurrent chemoradiotherapy; ICT: induced
chemotherapy.

cord 𝐷max < 45Gy, temporomandibular joint 𝐷max < 60Gy,
inner ear 𝐷max < 60Gy, parotid gland 𝑉

30
< 50%, oral cavity

𝑉
40
< 30%, and larynx-oesophagus-trachea 𝑉

40
< 30%.

2.3. Anatomical and Dosimetric Measurements of the Parotid
Gland. HT’s adaptive software calculated the volume and
actual dose distribution according to the pretreatmentMVCT
scanning [14]. The MVCT images of the first fraction were
collected, followed by additional 7 fractions (fractions num-
bers 6, 11, 16, 21, 26, 31, and 33) for a total of 8 series of
images. According to previously noted setup errors, each
patient’s MVCT images were merged with each patient’s
corresponding KVCT images using the adaptive software.
The same physician manually contoured the parotid glands
of each patient on the MVCT images. According to the
contoured images, the actual single fraction dose-volume
histograms (DVHs) of the parotid gland were gained in
the adaptive software. Variations in parotid volume, 𝐷mean
(mean dose), 𝑉

1
(the volume receiving ≥ 1 Gy), and 𝐷

50
(the

dose delivered to 50% of the volume) of each fraction were
extracted from the DVH gained from the Planned Adaptive
application software.The ipsilateral and contralateral parotid
glands were analyzed separately.



BioMed Research International 3

Table 2: Correlations of factors with parotid (actual) volume and dose.

Factor Volume
(𝑝 value)

𝐷mean
(𝑝 value)

𝑉
1

(𝑝 value)
𝐷
50

(𝑝 value)
Age 0.683 0.858 0.846 0.743
T stage 0.690 0.862 0.883 0.716
N stage 0.044 0.439 0.607 0.413
Volume of primary tumor 0.712 0.422 0.689 0.093
Volume of metastatic nodes 0.086 0.463 0.521 0.308
Treatment method 0.061 0.059 0.031 0.039
Initial parotid volume 0.000 0.205 0.241 0.254
Initial parotid𝐷mean 0.549 0.226 0.286 0.002
Weight loss rate 0.036 0.000 0.004 0.014
Reduction of skin separation at C1 level 0.000 0.000 0.000 0.000
Reduction of skin separation at C2 level 0.010 0.000 0.000 0.013
Reduction of skin separation at C4 level 0.042 0.090 0.110 0.271

In order to assess the cumulative dosimetric differences,
all data from the 8 fractions were imported as DICOM
files into the computational environment for radiotherapy
(CERR) [16, 17].The cumulative delivered dose over the entire
treatment course was assessed from the sum of the 8 weekly
MVCT images. The total delivered dose was then evaluated
on theMVCT images of the 16th fraction using the cumulated
dose information from the intermediate weekly scanning
images.

Anatomical parameters such as skin separation were
determined on the original KVCT and MVCT images. The
skin separations at the level of the odontoid processes of the
C2 vertebra and the intervertebral foramens of the C1 and C4
vertebrae were used to assess the anatomical changes. Patient
characteristics (e.g., age, gender, weight loss, tumor stage,
primary tumor volume, total volume of metastatic nodes,
initial 𝐷mean, and initial parotid volume) were collected and
analyzed.

2.4. Statistical Analysis. Statistical analyses were performed
using repeated measures analysis of variance, Pearson corre-
lation calculations, logistic multivariate regression analysis,
and receiver operating characteristic (ROC) analysis by
SPSS 17.0 (SPSS Inc., Chicago, IL, USA). To determine the
effectiveness of replanning cut-off values in ROC analysis,
the consistency test was performed. All statistical tests were
performed two-sided and a 𝑝 value of <0.05 was considered
to indicate statistical significance.

3. Results

3.1. Anatomical Changes. The average weight loss rate dur-
ing radiation therapy was 10.66% (range, 3–21%). Inter-
weekly weight variations had statistical differences. Signifi-
cant changes in skin separations between the first and last
fractions at the level of the odontoid processes of C2 and that
of the intervertebral foramens of theC1 andC4 vertebraewere
observed. Separations at the C1, C2, and C4 levels averaged
−11.05%, −11.23%, and −13.29%, respectively. Reductions in

skin separations were smooth during the course of radiation
therapy and no plateau was found. Weight loss rates had
a moderate-to-strong correlation with reductions in skin
separation at the C1, C2, and C4 levels (𝑟 = 0.568, 𝑝 = 0.000;
𝑟 = 0.441, 𝑝 = 0.017; 𝑟 = 0.480, 𝑝 = 0.010; resp.).

In our cohort, the data of 100 parotid glands were eval-
uated. The median absolute value and percentage of parotid
volume reduction were 19.51 cm3 (range, 6.58–40.26 cm3)
and 35% (range, 6.80–69.44%), respectively. The median
parotid volume reduction was 1.07%/d of the initial volume.
No differences were found between the ipsilateral and the
contralateral parotid glands.

3.2. Dosimetric Findings. Parotid dosimetric parameters of
the 8 fractions during radiation therapy included 𝐷mean,
𝐷
50
, and 𝑉

1
. The increasing rates of parotid 𝐷mean, 𝑉1,

and 𝐷
50

were 22.13%, 39.42%, and 48.45%, respectively. The
variation trend of these dosimetric parameters between the
ipsilateral and contralateral parotids was almost the same.
The total cumulative parotid dose was also estimated. The
initial average𝐷mean of 100 parotid glandswas 30.28Gy, while
the cumulative average𝐷mean at the end of radiation therapy,
as estimated by CERR, was 33.8 Gy, an increase of 11.38%.
It is worth noting that increases in parotid dose were very
individual and varied, as shown by the fact that cumulative
parotid doses ranged from −1.51% to 30.57%.

3.3. Factors Affecting Parotid Volumetric and Dosimetric
Changes. A summary of the relevant potential predictive
factors for parotid volumetric anddosimetric changes is given
in Table 2. Single-factor repetitive measurement analysis
was performed. The most consistent predictive factor was
the variation rate of skin separation. Reductions in skin
separation at the C1 and C2 levels predicted a decrease in
parotid volume and an increase in delivered dose to the
parotid glands (𝑝 = 0.000 and 𝑝 < 0.05, resp.). Weight
loss rate was another predictive factor for volumetric and
dosimetric changes (including the𝐷mean,𝑉1, and𝐷50 of each
of the 8 fractions) in the parotid glands (𝑝 < 0.05). The
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Table 3: AUC and cut-off values in ROC analysis.

Parameter AUC value Cut-off value
Initial parotid volume 0.570 52.80 cm3

Initial parotid𝐷mean 0.566 32.04Gy
Weight loss rate 0.568 12.24%
Weight loss rate at 11th fraction 0.662 2.30%
Weight loss rate at 16th fraction 0.597 3.60%
Weight loss rate at 21st fraction 0.575 4.40%

N stage and initial parotid volume affected the variation in
parotid volume during radiation therapy (𝑝 = 0.044 and
𝑝 = 0.000, resp.). Different treatment modalities affected
the variations of 𝑉

1
and 𝐷

50
(𝑝 = 0.031 and 𝑝 = 0.039,

resp.); patients who received concurrent chemoradiotherapy
had larger variations of 𝑉

1
and𝐷

50
. The initial parotid𝐷mean

affected the variation of 𝐷
50

(𝑝 = 0.002). Age, T stage,
primary tumor volume, volume of metastatic nodes, and area
of metastatic nodes did not affect parotid volumetric and
dosimetric parameters.

3.4. Possible Prognostic Factors of Replanning. We wondered
whether clinical characteristics and some externally measur-
able parameters, including anatomical changes, could predict
the necessity of replanning. In our research, replanning was
thus based on the anatomical and dosimetric parameters of
the parotid gland. At the end of radiation therapy, if the
cumulative actual parotid dose was more than 10% of the
initial planning dose, replanning was considered to be nec-
essary. Multivariate logistic regression analysis indicated that
initial parotid volume, initial parotid 𝐷mean, and weight loss
rate were significant predictive parameters for the increase
of actual parotid dose (𝑝 < 0.05). In other words, these
3 parameters were possible prognostic factors for parotid
protection-based replanning.

3.5. Candidate Cut-Off Values of Replanning. ROC curves
were used to establish replanning cut-off values. The 3
parameters (initial parotid volume, initial parotid𝐷mean, and
weight loss rate) that were filtered from logistic analysis were
used in ROC analysis. The area under the curve (AUC) and
cut-off values of these parameters are shown in Table 3. To
predict the necessity of replanning during treatment, weight
loss rates at the 11th, 16th, and 21st fractionswere used in ROC
analysis. The AUC and cut-off values are shown in Table 3.

When these 3 parameters were used independently, they
had weak predictive power for replanning (0.5 < AUC <
0.7) (see Table 4). To improve their predictive power, we
performed a multivariate consistency check. These param-
eters were combined together in two ways: first, 2 of the 3
parameters reached the cut-off values; second, all 3 parame-
ters reached the cut-off values. The results of the multivariate
consistency check showed that when 2 of the 3 parameters
reached the cut-off values, their predictive power was better
than another combinationmodality (Table 5). In otherwords,
at the 11th, 16th, and 21st fraction, when 2 of the 3 parameters
including initial parotid volume, initial parotid 𝐷mean, and
weight loss rate reach their cut-off values, the possibility of

overdose in the parotid gland is high and the patient should
then receive a replanning.

4. Discussion

In recent years there has been great interest in highly
conformal radiation technologies with steep dose gradients
between tumor and normal structures, such as IMRT, and
their ability to reduce the side-effects of radiation therapy,
including xerostomia, in head and neck cancer [18]. As
parotid glands produce approximately 60% of saliva and
their anatomical changes during radiation therapy may have
significant dosimetric implications, parotid protection-based
ART has become a hot field of study in head and neck cancer
IMRT [19, 20]. In this study, we attempted to quantify the
effect of anatomical changes on parotid dosimetry and to
detect the factors that affect the actual dose that is delivered to
the parotid gland. On the basis of these data, we screened out
3 cut-off values which could predict the need for replanning
in parotid protection-based ART in NPC.

As shown by published studies, parotid volume decreases
when the gland migrates into the high-dose volume during
radiation therapy for NPC patients, leading to a higher actual
parotid dose than was intended in the initial planning [8,
14]. In our study we observed that the actual parotid 𝐷mean
increased, aswell as𝑉

1
and𝐷

50
, after a single fraction.We also

found that the magnitude of the dosimetric changes varied
among our different patients, suggesting that not all NPC
patients need a replanning. Recently, Hunter et al. [21] treated
18 oropharyngeal cancer patients. In order to calculate their
cumulative delivered doses, parotid glands in cone-beam
CT (CBCT) images were aligned by deformable registration.
Stimulated salivary flow rates were measured before therapy
and, periodically, after therapy.The outcomes suggested that,
in most cases, ART was not likely to improve measurable
salivary output. However, the researchers admitted that the
residual setup error was still largely responsible for causing
the dosimetric deviation that occurred after CBCT image
guidance was used to correct the translational setup. Addi-
tionally, when researching the effect of adaptive replanning
on locoregional control, Zhao et al. [22] and Chen et al. [23]
argued that routine replanning was probably not necessary
but still suggested that there would be a significant benefit if
appropriate patients were selected.

In our study we screened for certain factors that would
predict dosimetric variations in NPC patients during radia-
tion therapy. Parameters such as age, T/N stage, tumor vol-
ume, initial parotid volume, weight loss rate, and reduction
of facial skin separation were analyzed using correlation and
logistic multivariate regression analyses. Weight loss rate was
detected to be one of the most important parameters to
correlate with the variation of actual parotid dose. Similar to
our results, Hansen et al. [24] performed a retrospective chart
review for 13 head and neck cancer patients who were treated
with IMRT and received repeat CT imaging and replanning
when weight loss became obvious during treatment. They
showed that weight loss amplified the actual dose variation
to normal tissue and bone (including the spinal cord, parotid
glands, and mandible) and increased the𝐷mean,𝐷50, and 𝑉26
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Table 4: Consistency check of single factors.

Parameter Sensitivity
(%)

Specificity
(%)

Positive
predictive
value (%)

Negative
predictive
value (%)

Kappa value 𝑝 value

Initial parotid volume
> 52.80 cm3 73.1 41.7 57.6 58.8 0.149 0.27

Initial parotid𝐷mean >

32.04Gy 42.3 79.2 68.8 55.9 0.211 0.10

Weight loss rate at 11th
fraction > 2.30% 50.0 66.7 61.9 55.2 0.165 0.23

Weight loss rate at 16th
fraction > 3.60% 57.7 54.2 57.7 54.2 0.119 0.40

Weight loss rate at 21st
fraction > 4.40% 73.1 25 56.4 41.2 0.200 0.88

Table 5: Consistency check of multiple factors.

Fraction number and
combination

Sensitivity
(%)

Specificity
(%)

Positive
predictive value

(%)

Negative predictive
value (%) Kappa value 𝑝 value

Number 11
a 69.2 66.7 69.2 66.7 0.359 0.011
b 87.5 52.4 25.9 91.7 0.143 0.155

Number 16
a 66.7 65.2 69.2 62.5 0.320 0.025
b 77.8 53.7 26.9 91.7 0.181 0.087

Number 21
a 84.6 54.2 66.7 76.5 0.392 0.004
b 44.0 95.7 91.7 61.1 0.388 0.002

a: two of the 3 parameters (initial parotid volume, initial parotid𝐷mean, and weight loss rate) reached their cut-off values.
b: all the 3 parameters reached their cut-off values.

of the right parotid gland. They also suggested that weight
lossmight have a stronger impact on dosimetric changes than
tumor shrinkage. Chen et al. [25] also found that weight loss
caused significant dosimetric changes of targets and OARs in
NPC patients treated with IMRT and believed that repeated
scanning and replanning for patients with an obvious weight
loss might be necessary. Our study’s data also showed that
weight loss during radiation therapy could forecast overdose
to the parotid gland.

The timing of replanning is a controversial topic in
parotid protection-based ART in head and neck cancer.
Someone recommended replanning when it became obvious
that a tumor had shrunk, weight loss had occurred, or
skin separation had reduced [7, 11, 12, 21–23], while others
believe that replanning should be performed when a specific
fraction has been reached [26–28]. Our precious study found
that parotid volume variation presented a linear pattern
throughout IMRT of NPC realized by HT technique, and the
rate of volume variation reached its peak at the 16th fraction
and then decreased gradually, suggesting that replanning is
appropriate in the fourthweek [14]. In this study,we raised the
specific criteria coupled with timing of replanning for parotid
protection-based ART in NPC. The criteria consisted of 3

parameters: (1) an initial parotid volumeof> 52.80 cm3; (2) an
initial parotid𝐷mean of> 32.04Gy; (3) a weight loss rate at the
11th fraction of > 2.3%, a weight loss rate at the 16th fraction
of > 3.6%, or a weight loss rate at the 21st fraction of > 4.4%. If
the patient reached 2 of these 3 parameters, the parotid gland
would likely to be overdosed and a replanning was recom-
mended at the current fraction of radiation therapy. Recently,
Brown et al. [29] analyzed 110 patients with oropharyngeal
squamous cell carcinoma and NPC. Patient demographics
and tumor characteristics were compared between patients
who were replanned and those that were not. Nodal disease
stage, pretreatment of largest involved node size, diagnosis,
and initial weight were identified as being significant for
inclusion in the predictive model and ART risk profiles.
However, among the 110 patients, only 5 had replanning,
suggesting a low credibility of their model. Castelli et al.
[30] estimated the parotid overdose and the xerostomia risk
increase during IMRT with weekly CTs and replanning in 15
patients with locally advanced head and neck cancer. Parotid
cumulated doses were estimated for the two scenarios, with
or without replanning, using deformable image registration.
Compared to the initial planning, a parotid overdose was
observed in 59% of the parotid glands, with an average
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𝐷mean increase of 3.7 Gy. The parotid overdose increased
with the tumor shrinkage and the neck thickness reduction.
Weekly replanning decreased the parotid 𝐷mean by 5.1 Gy
and the absolute risk of xerostomia by 11%. However, weekly
replanning consumes a large amount of medical resources
and is difficult to be routinely applied.

Our criteria have at least 3 advantages. First, the param-
eters involved in our criteria address the combination of
factors that correlate with actual volumetric and dosimetric
variations in the parotid gland. We evaluated the predictive
factors of these variations, screened out some parameters
which could predict parotid overdose by logistic stepwise
regression analysis, used ROC analysis to obtain the cut-
off values of these parameters, and then used single- and
multiple-factor consistency tests to confirm the predictive
value of these parameters in order to combine them as
replanning criteria. Hansen et al. [24] carried out replanning
when obvious tumor shrinkage and/or weight loss were
noted but did not clarify the replanning thresholds of these
2 parameters. A similarly ambiguous replanning standard
was seen in the research of Zhao et al. [22] who compared
the treatment results of replanning and no replanning in
NPC patients. Recently, Lee et al. [31] studied the tumor
volume reduction rate (TVRR) during radiation therapy
and found that TVRR was a prognosticator of locoregional
disease control in patients with oropharyngeal cancer. To
ensure locoregional control, they suggested a few therapeutic
modifications that were based on TVRR. Second, our param-
eters reflect patients’ individual characteristics. As the initial
parotid volume reflects the condition of the parotid gland
before treatment, the initial parotid𝐷mean reflects how initial
planning and weight loss rate correlate with the variation
degree of parotid anatomical and dosimetric changes during
radiation therapy. Our criteria are more comprehensive than
those which paid more attention to anatomical changes
but less attention to the initial conditions of the parotid
gland. Initial conditions of the parotid gland, such as its
initial volume and 𝐷mean, have since been confirmed to
relate to the variation of parotid dose [32]. Fiorentino et
al. [26] used CBCT images to analyze the parotid volume
of 10 patients with head and neck cancer during radiation
therapy and suggested that replanning should be performed
during the third week. However, the individual conditions
in our study patients make it clear that replanning at the
same time point is not suitable for every patient. Third,
the parameters of our criteria are easy to measure, even
without repeated CT scanning during treatment. Specifically,
the initial volume and 𝐷mean of the parotid gland can be
evaluated from simulation CT images and initial planning
and weight loss rate can bemeasured easily during treatment,
unlike other parameters such as facial skin separation which
is onlymeasurable by repeated CT imaging during treatment.

However, taking into account the complexity of ART, the
cut-off values raised in our study have some limitations. First,
these cut-off values are based on the possibility of an overdose
to the parotid gland and can thus only be used to protect the
parotid gland.They cannot be used to protect the other OARs
or correct for an underdose to a tumor target which may not
be correlated with volumetric changes.The study of Yan et al.

[33] showed that GTV volume reduction was negatively cor-
related with the apparent diffusion coefficient (ADC) values
of pretreatment tumors but not pretreatment tumor volume,
and CTV volume reduction was correlated with pretreatment
body mass index (BMI). Second, delineation of the parotid
gland affects the use of these cut-off values. For example,
when the deep lobe of the parotid gland is not contoured,
our criteria will not be suitable for replanning prediction.
Third, deformable registration was not used in this study.
Deformable registration is being increasingly used in ART
research, not only in anatomical registration but also in dose
calculation [21, 30, 34–36]. We are developing home-made
deformable registration software and will compare its results
with those from this study. Fourth, if the initial parotid vol-
ume and 𝐷mean are all above the cut-off values, the patient is
suitable for replanning, though it is not clear when that
should happen.

5. Conclusions

During the IMRT of NPC, the actual volume and dose of the
parotid gland vary significantly in some patients. The initial
volume and mean dose of the parotid gland and body weight
loss rate are the most significant predictors for these varia-
tions. Replanning is suggested if these parameters reach the
cut-off values recommended in this paper.
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Background. Treatment of pelvic lymph nodes (PLNs) in higher risk prostate carcinoma is controversial. The primary focus of the
study was to evaluate the early toxicity profile for this cohort of patients treated with Volumetric Modulated ArcTherapy (VMAT).
Methods. Patient, tumour, and treatment characteristics of those who received VMAT from May 2010 to December 2012 were
analysed. A simplified contouring process of the PLNs to the aortic bifurcation was developed based on consensus guidelines. Acute
and late genitourinary (GU) and gastrointestinal (GI) toxicities were documented according to the Radiation Therapy Oncology
Group (RTOG) Version 2 Guidelines. Successive Prostate Specific Antigen (PSA) values after treatment were measured on average
3 months apart. Results. 113 patients were treated between May 2010 to December 2012 with a median follow-up of 14 months. No
patients experienced acute grade 3 or 4GU andGI toxicity. Only 1 patient experienced a late grade 3GU complication. No late grade
4GU or GI events have yet occurred. Conclusions. This study reviews the first Australian experience of VMAT in the treatment of
pelvic lymph nodes in prostate cancer, specifically to the level of the aortic bifurcation. It demonstrates a favorable acute toxicity
profile whilst treating large PLN volumes with optimal dose coverage.

1. Introduction

Prostate cancer is the most commonly diagnosed cancer in
Australian males with an incidence of approximately 18,500
new cases per annum [1]. Management options for prostate
cancer include radical prostatectomy (RP), radiotherapy
(RT), androgen deprivation therapy (ADT), active surveil-
lance, or a combination of these. The question of whether
pelvic lymph nodes (PLN) should be treated in intermediate
and high-risk settings with either surgery or radiotherapy
is controversial. Two seminal phase III trials (RTOG 9413
and GETUG-01) reached conflicting conclusions [2, 3].
Additionally, no randomized trial has yet shown a survival
advantage. Retrospective surgical series have demonstrated

lower biochemical failure (BF) rates (defined as prostate
specific antigen (PSA) greater than 0.2 ng/mL) in patients
undergoing extended pelvic lymph node dissection [4]. This
is applicable to patient populations with either clinically node
negative disease [4] or low volume of nodal involvement
[5]. Morikawa and Roach explore why some of these studies
were negative in demonstrating a benefit of whole pelvic
radiotherapy (WPRT) and conclude that predictions of nodal
disease based on surgical series may in fact underestimate the
true extent of involvement [6].

Consensus guidelines onpelvic lymphnode clinical target
volumes (CTV) in the setting of high-risk prostate cancer
have been published to enable uniformity and accuracy
in WPRT [7, 8]. Intensity modulated radiotherapy (IMRT)
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enhances treatment dose conformality [9]. This enables dose
escalation to the clinical target volume whilst decreasing
dose to surrounding normal tissue, thereby increasing the
therapeutic ratio [9–11]. Volumetric modulated arc therapy
(VMAT) has been shown in the Australian context to be
superior to 3D conformal radiotherapy (3D-CRT) and step
and shoot IMRT in terms of dose-volume histogram coverage
of planning target volumes (PTVs) and organs at risk (OARs)
[12]. Addintionally VMATis a further evolution of IMRT,
enabling more efficient treatment [12]. VMAT can be utilized
in the treatment of prostate cancer either in the definitive
setting, in conjunction with high dose rate brachytherapy
(HDRB) and post RP as either an adjuvant or salvage
treatment. Compared to IMRT, VMAT is associated with
lower rates of acute gastrointestinal (GI) and genitourinary
(GU) toxicity in the treatment of prostate cancer [13].

This study documents the first Australian clinical expe-
rience of VMAT in the treatment of PLNs in higher risk
prostate cancer. This occurred at the Mater Sydney Hospital,
the Australian centre that has treated the largest cohort of
such patients to date. The primary focus of the study was to
validate our clinical impression of VMAT in terms of having
an improved toxicity profile compared with published data
on IMRT and 3D-CRT, particularly when treating large PLN
volumes in the salvage setting following RP.

2. Materials and Methods

2.1. Patient Selection and Follow-Up. Patients with a diagnosis
of prostate carcinoma who received VMAT radiotherapy
from the start of the VMAT program in May 2010 to
December 2012 were reviewed. Patient, tumour, and treat-
ment characteristics were recorded and analysed. Staging
details regarding the primary tumour, nodal involvement and
presence ofmetastasis were derived from available documen-
tation.The performance and extent of lymph node dissection
was ascertained from the operation report or correspondence
from the urologist. Due to the paucity of histopathological
detail for patients who did not undergo RP, two separate
cohorts were analyzed: those undergoing definitive RT and
those who underwent adjuvant or salvage RT.

During treatment patients were assessed on a weekly
basis. Acute and late genitourinary and gastrointestinal
toxicities were documented according to the RTOG Ver-
sion 2 Guidelines [14, 15]. Follow-up post treatment was
performed at routine intervals, primarily by the treating
radiation oncologist and if applicable, in conjunction with
the referring urologist. The maximum toxicity suffered was
recorded. Successive PSA values were measured on average
3 months apart. Given the short-term length of follow-up,
oncological control was not a primary outcome of the study.
An evaluation of early biochemical trends was performed
by comparing the PSA levels before and after treatment as
well as the need for ADT at one year following VMAT.
Further analysis was performed to assess whether our clinical
impression of patients who halved their PSA at 6 weeks
following salvage radiotherapy continued to have a lowering
of their PSA as observation continued.

2.2. Simulation. As per standard department policy, patients
were requested to have an empty rectum and comfortably
full bladder at simulation and treatment. CT simulation scans
were performed in the supine position, scan window was
from the top of L1 to mid femur, scanned at 2.5mm intervals.
Knee and feet supports and immobilization devices were
utilized.

2.3. Contouring Technique. Contouring was manually per-
formed by the treating Radiation Oncologist (GF). Clinical
target volumes (CTVs) were contoured on the CT simulation
scan with reference to RTOG and FROGG consensus guide-
lines [7, 8]. The prostate and seminal vesicles or the surgical
bed of the prostate and seminal vesicles were contoured,
with the aid of fiducial markers or surgical clips (Figures
1(f)–1(h)). The right and left PLN volumes were contoured,
starting immediately above the prostate and seminal vesicle
volumes (Figures 1(c)–1(e)). These volumes included the
obturator, external, and internal iliac nodes with the anterior
border beginning inferiorly at the anterior level of the
acetabulum and following the external iliac artery posteriorly.
The posterior border extended to encompass the internal
iliac artery up to the bifurcation of the common iliac artery.
The medial border of the volume was 0.5–1 cm short of
the midline rectal structures. The right and left PLNs were
combined into a single volume and treated as a single volume
when no macroscopic nodal disease was present. The sacral
lymph node volume started at the midline at the level of S3
(Figures 1(b)–1(e)).The contour was extended to embrace the
bifurcation of the aorta, with the upper limit often at the level
of the L4-5 disc space (Figure 1(a)). At the superior level of
the previous right and left pelvic lymph node volumes, the
sacral lymph node volume was expanded to include both the
common iliac arteries. In the definitive, adjuvant, and salvage
settings all of these volumes were expanded to a planning
target volume (PTV) by 0.5 cm, excluding a volume termed
“rectanus” (the combined contoured volumes of the anus and
rectum). The anus was contoured from the first appearance
inferiorly of a complete circle of sphincter tissue.The contour
was taken in a superior direction until themost anterior circle
that was devoid of rectal gas was reached (approximately 3-
4 cm long). The rectum was then volumed superiorly from
this level in a posterior direction until the structure started to
turn anteriorly, which was taken as the start of the sigmoid
colon. This was in concordance with the FROGG consensus
guidelines [8]. The sigmoid colon and small bowel were also
contoured but not excluded from the treatment volumes
as these are structures on a mesentery and can therefore
move between fractions. The dose volume constraints for
each organ at risk are detailed in Table 1. The pelvic lymph
node volumes were treated to higher doses if imaging or
histopathology post RP showed disease in the pelvic lymph
nodes. All patients were treated daily at five fractions per
week. Image Guided radiotherapy (IGRT) with filming based
on bony anatomy was done daily. A weekly kilovoltage CT
scan was done on the department CT to confirm adequate
bladder filling.
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Red: prostate and seminal vesicles or surgical bed. Magenta (filled in): right and left pelvic lymph node 
Peach: sacral lymph node Yellow: bladder
Orange: rectum Magenta (outline): anus
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Figure 1: CT simulation scan demonstrating contoured volumes.

Table 1: Dose-volume constraints for organs at risk.

Organ Dose (Gy) Volume (%)
Bladder 40 <60
Anus 40 <35
Rectum 40 <35
Rectum 50 <30
Sigmoid colon 40 <35
Bowel 45 <30
Penile bulb 40 <50
Femoral head 35 <100

2.4. Treatment Planning and VMAT Delivery. Treatment
plans were generated using Eclipse version 8.6 (copyright
Varian, Palo Alto). Treatment delivery was done using a
21ix Varian Linear Accelerator. VMAT was delivered in
two to three arcs with maximum range of 360-degree with
simultaneous variation of the gantry speed, dose rate, and
leaf position. An energy of 10MV and a max dose rate of 600
monitor units per minute were used. Treatment prescriptions
are summarized in Table 2. Treatment was delivered using

a simultaneous integrated boost (SIB) technique (Figure 2).
Orthogonal kilovoltage images taken before the treatment
confirmed patient position.

2.5. Statistical Analysis. The collected data was analysed to
see if our clinical impression of patients who halved their
PSA at 6 weeks following salvage radiotherapy continued
to have a lowering of their PSA as observation continued.
Statistical analysis was performed using IBM SPSS Statistic
v21 (Chicago, IL) and SAS v9.3 (Cary, NC).

3. Results

3.1. Patient and Tumour Characteristics. 113 patients treated
between May 2010 and December 2012 were identified. The
median follow-up of the cohort was 14 months. Tables 3 and
4 summarize patient and tumour characteristics. Additional
tumour characteristics for the cohort of patients who under-
went RP are separated out in Table 4 due to the additional
histopathological features available for this subset.

3.2. Toxicity. The acute GU and GI toxicity profiles for the
entire and salvage cohorts are depicted in Table 5. Of note,
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(a) (b)

(c) (d)

Figure 2: Dose distribution in adjuvant and salvage VMAT treatment. (a) Clinical target volumes: CTV 1 (orange) including presacral,
common iliac, and para-aortic lymph nodes, left and right pelvic lymph nodes and prostate and seminal vesicles or prostatic fossa. CTV 2
(pink) including left and right pelvic lymph nodes and prostate and seminal vesicles or prostatic fossa. CTV 3 (red) including prostate and
seminal vesicles or prostatic fossa. (b) Dose cloud superimposed on CTV 1: demonstrating dose of 49.5 Gy delivered to 95% of CTV 1 at 1.5 Gy
per fraction for 33 fractions. (c) Simultaneous boost to 56.1 Gy: dose cloud superimposed on CTV 2 demonstrating dose of 56.1 Gy delivered
to 95% of CTV 2 at 1.7 Gy per fraction for 33 fractions. (d) Simultaneous boost to 66Gy: dose cloud superimposed on CTV 3 demonstrating
dose of 66Gy delivered to 95% of CTV 3 at 2Gy per fraction for 33 fractions.

Table 2: Dose, fractionation schedules, and treatment groups.

Treatment intent Prescription dose Number of fractions Number of patients (%)
No ADT ADT Total

Definitive VMAT
Intermediate risk 74Gy 37 5 4 9
High risk 78Gy 39 1 15 16
Total — — 6 (5%) 19 (17%) 25 (22%)

VMAT following HDR brachytherapy 50.4Gy 28 9 (8%) 16 (14%) 25 (22%)
Salvage VMAT 66Gy 33 38 (34%) 11 (10%) 49 (44%)
Adjuvant VMAT 66Gy 33 9 (8%) 5 (4%) 14 (12%)
Total — — 62 (55%) 51 (45%) 113 (100%)

no patients experienced an acute grade 3 or 4 complication.
All acute reactions were symptomatically managed in the
outpatient setting. No patients required hospital admission
for management of acute side effects. In terms of late toxicity,
only 1 patient experienced a late grade 3GU complication. No
late grade 4GU or GI events have yet occurred at this early
median follow-up.

3.3. Treatment Outcomes. A subset analysis was performed
on the PSA dynamics of the 38 patients who underwent
salvage VMAT for biochemical failure following radical
prostatectomy, excluding those patients who usedADT at any
stage of their treatment. The mean nadir PSA level reached

following VMAT was 0.08 ug/L at the end time point of this
study.The PSA trend of biochemical failure following RP and
the favorable trend following salvage treatment with VMAT
is depicted in Figure 3.

In the same subset analysis of these 38 patients, analysis
of the ratio of the PSA level taken immediately prior to
salvage VMAT (defined as PSA

0
) and the PSA value at 6

weeks following salvage treatment (defined as PSA
6
) was

undertaken. The mean PSA
0
was 0.39 ug/L (range 0.04–7.9)

and PSA
6
was 0.15 ug/L (range 0.01–2.4). Twenty-one patients

(55%) demonstrated a PSA
6
: PSA
0
≤ 50% and 17 patients

(45%) demonstrated a PSA
6
: PSA
0
> 50%. The relationship

between the PSA
6
: PSA
0
ratio and BF following VMAT is
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Figure 3: Average PSA dynamics following salvage VMAT treat-
ment.

Table 3: Patient and tumour characteristics: entire cohort (𝑛 = 113).

Age (yrs) Mean (range) Distant metastases 𝑁 (%)
67 (49–81) No 107 (95%)

Yes 4 (4%)
Unknown 2 (2%)

T stage 𝑁 (%) Gleason score 𝑁 (%)
T1-2a 38 (34%) 7 50 (44%)
T2b 8 (7%) 8 18 (16%)
T2c-4 60 (53%) 9 42 (37%)
Unknown 7 (6%) Unknown 3 (3%)
Nodal status 𝑁 (%) D’Amico Risk Group 𝑁 (%)
Negative 74 (65%) Intermediate 46 (41%)
Positive 15 (13%) High 63 (56%)
Unknown 24 (21%) Unknown 4 (4%)

demonstrated in Table 6. The sensitivity and specificity of
PSA
6
: PSA
0
> 50% for determining biochemical failure was

80% and 60.6% respectively. The sensitivity and specificity of
PSA
6
: PSA
0
> 75% for determining biochemical failure was

80% and 84.8%, respectively.
Five patients (13.2% of the salvage, no ADT cohort)

demonstrated biochemical failure following their salvage
VMAT treatment. One out of 21 patients with PSA

6
: PSA
0
≤

50% failed following their salvage VMAT treatment. The
salvage treatment volumes for this particular patient only
included the prostatic fossa as the patient had an extended
lymph node dissection at the time of radical prostatectomy.
This patient was retreated with a second course of salvage
VMATwith lymph node volumes starting above his previous
treatment level and extending superiorly to L4 and following
this he remains biochemically disease-free. Of the 17 patients
with a PSA

6
: PSA
0
> 50%, 4 patients demonstrated biochem-

ical failure following their salvage treatment. Two of these 4
patients were treated with a second course of salvage VMAT
to their upper pelvic lymph nodes, with treatment volumes
starting above their initial salvage volumes. After the second
course of salvage treatment, PSA levels demonstrated trends
towards biochemical control (being 0.02 and 0.04 ug/L,
resp.). The other 2 patients were investigated further with

Table 4: Tumour characteristics: RP cohort (𝑛 = 63).

T stage 𝑁 (%) Gleason score at
margin

𝑁 (%)

T1-2a 20 (32%) 3 7 (11%)

T2b 1 (1%) 4 17 (27%)

T2c-4 37 (59%) 5 2 (3%)

Unknown 5 (8%) Unknown 37 (59%)

Nodal status 𝑁 (%) Seminal vesicle
involvement

𝑁 (%)

Negative 44 (70%) No 41 (65%)

Positive 9 (14%) Unilateral 11 (17%)

Unknown 10 (16%) Bilateral 5 (8%)

Unknown 6 (10%)

Gleason score 𝑁 (%) Vascular space
involvement

𝑁 (%)

7 29 (46%) No 40 (63%)

8 11 (17%) Yes 15 (24%)

9 20 (32%) Unknown 8 (13%)

Unknown 3 (5%)

D’Amico Risk
Group

𝑁 (%) Perineural
involvement

𝑁 (%)

Intermediate 31 (49%) No 36 (57%)

High 29 (46%) Yes 17 (27%)

Unknown 3 (5%) Unknown 10 (16%)

Extracapsular
extension

𝑁 (%) Lymph node
dissection (LND)

𝑁 (%)

Absent 19 (30%) No 25 (40%)

Present 41 (65%) Yes 37 (59%)

Unknown 3 (5%) N/A or unknown 1 (1%)

Positive margin 𝑁 (%) Extended LND 𝑁 (%)

Absent 34 (54%) No 20 (32%)

Present 27 (43%) Yes 22 (35%)

Unknown 2 (3%) Unknown 21 (33%)

F-18 bone scans and found to have new bony metastasis
in the ribs (𝑛 = 1) and spine (𝑛 = 1). One patient was
subsequently commenced on ADT.This was the only patient
out of the salvage cohort (3%) whowent on to require ADT 12
months after their salvage treatment and PSA dynamics were
excluded from analysis following commencement of ADT.
The second patient who failed post salvage VMAT declined
any further treatment at the time of his last review. Of note,
ADT use 12months following VMAT treatment for the entire
cohort of patients was 12 out of 113 (11%).

4. Discussion

This study reviews the first Australian experience of VMAT
in the treatment of pelvic lymph nodes of prostate cancer,
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Table 5: Acute toxicity: entire and salvage cohort.

Grade Entire (𝑛 = 113)
number (%)

Salvage (𝑛 = 38)
number (%)

Acute GU

0 21 (19%) 14 (37%)
1 67 (59%) 20 (53%)
2 25 (22%) 4 (10%)

3 or 4 0 (0%) 0 (0%)

Acute GI

0 20 (18%) 4 (10%)
1 62 (55%) 22 (58%)
2 31 (27%) 12 (32%)

3 or 4 0 (0%) 0 (0%)

Table 6: Biochemical failure (BF) post salvage VMAT (𝑛 = 38) and
relationship to PSA6 : PSA0.

Number of patients with BF
post-VMAT 5

Number of patients with BF
post-VMAT and PSA6 : PSA0 > 0.5

4

% of patients with BF with
PSA6 : PSA0 > 0.5

80% (4 of 5 patients)

% of patients with PSA6 : PSA0 > 0.5
with BF 23.5% (4 of 17 patients)

% of patients with PSA6 : PSA0 ≤ 0.5
without BF 95.2% (20 of 21 patients)

specifically to the level of the aortic bifurcation. Our study
audited 113 patients diagnosed with prostate cancer who
were treated with VMAT at the Mater Hospital in Sydney. It
demonstrates the utility of VMAT across a range of clinical
indications. Moreover our results indicate a favorable acute
toxicity profile whilst treating large pelvic nodal volumeswith
optimal dose coverage up to the level of the aortic bifurcation.
Finally, our study intimates promising oncological outcomes
as indicated by the PSA trend and minimal use of ADT post
VMAT.

A particular focus of the study was to analyze the utiliza-
tion of VMAT in treating PLN volumes in the salvage setting
where a major concern is treatment morbidity given the large
treatment volumes. The acute GU and GI toxicity profiles
experienced by our salvage cohort can be compared to those
reported in published data following treatment of pelvic
lymph node volumes using different radiotherapymodalities.
In a study by Alongi et al., the acute toxicity profiles of 172
patients who underwent adjuvant or salvage whole pelvis
radiotherapy (WPRT) with either 3DCRT or IMRT were
analyzed [16]. The median dose and dose range delivered to
the pelvic lymph nodes in our study using VMAT and in
Alongi’s report on 3DCRT and IMRTwere 52.8Gy (46.1–66),
50.4Gy (45–50.4), and 50.4Gy (50.4–54.0), respectively [16].
With the use of 3DCRT, the reported lower and upper acute
GI toxicities grade ≥ 2 were 8.6% and 22%, respectively, and
acute GU toxicities grade ≥ 2 were 12.3%. In another study
by Ashman et al., acute GI and GU toxicities grade ≥ 2 were

reportedly as high as 57% and 34.7% [17]. Utilizing IMRT
in WPRT delivers, as expected, an improved acute toxicity
profile compared to 3D-CRT. Acute GI toxicities grade ≥
2 have been reported as ranging from 6.6% to 40% and
acute GU toxicities grade ≥ 2 ranging from 6.6% to 36.7%
[9, 16, 18, 19]. Furthermore, studies have indicated that post-
RP RT using IMRT is not associated with a decline in patient-
reported urinary bowel or sexual quality of life indices at 2
years following completion of RT [20].

We have demonstrated in our study that with the use of
VMAT, the acute toxicity profile can be improved upon even
further. Acute GI and GU toxicities grade ≥ 2 for our salvage
cohort were 34% and 13%, respectively. Similar promising
results with VMAT have been reported in a recent study
by Hall et al. in which acute GI and GU toxicities grade ≥
2 were reported as 13.7% and 25%, respectively [13]. This
observed benefit of VMATmay be due to its ability to deliver
highly conformal dose distributions with improved target
volume coverage and sparing of organs at risk [21]. This has
been evident in the literature, which has demonstrated the
superiority of both IMRT and VMAT in terms of dosimetry
and sparing organs at risk compared to 3D-CRT [21–23].
VMAT further confers an additional advantage over IMRT
and 3D-CRT in terms of its efficiency, safety, reducedmonitor
unit requirement, and cost-effectiveness [12, 22, 23]. VMAT
delivered on treating a greater volume with an even better
toxicity profile, further enhancing the therapeutic ratio in this
small retrospective single institution study. Further follow-
up of this cohort is required to ascertain whether a similar
benefit is achieved in terms of late toxicities. Additionally,
prospective randomized trials would be needed comparing
the different radiotherapy modalities to conclusively demon-
strate the toxicity profile advantage with VMAT.

Our study explored the validity of using the PSA value at
6 weeks post-VMAT treatment as a predictive tool for bio-
chemical failure. Of the 21 patients who had a PSA

6
: PSA
0
≤

0.5, only 1 patient demonstrated BF with the remainder 95%
of patients remaining free from biochemical failure. The
sensitivity and specificity of PSA

6
: PSA
0
> 50% for deter-

mining biochemical failure was calculated as 80% and 60.6%,
respectively. Our findings demonstrate that this parameter
may be useful in predicting biochemical failure; however, the
validity of this would need to be assessed in a more robust
study design.

This audit demonstrates an easy and simplified contour-
ing technique for whole pelvis radiotherapy including large
nodal volumes up to the level of the aortic bifurcation. The
technique used by the treating radiation oncologist in our
study draws upon both the FROGG and RTOG consensus
guidelines [7, 8]. Delineation of the surgical bed CTV was
done as per the FROGG and RTOG guidelines.

There are several limitations of our study to acknowledge.
Firstly, the retrospective nature of this audit made it prone
to missing data. Investigator bias may exist in that the
patients were treated by a single radiation oncologist at a
single institution. Our median follow-up time is at this stage
is insufficient to fully assess late toxicities and long term
biochemical control. Additionally, our study lacks validated
quality of life assessment tools. Finally, the superiority of
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VMAT over other treatment modalities would need to be
assessed in a prospective randomized controlled trial.

5. Conclusions

VMAT can be utilized efficaciously in a variety of indications
to manage carcinoma of the prostate especially in high risk
disease where pelvic lymph node volumes can be included
up to the aortic bifurcation. Our study demonstrates that
this can be achieved with a favorable toxicity profile, both in
the definitive and salvage settings. Short-term follow-up has
demonstrated a trend towards favorable rates of biochemical
control, which further supports the use of VMAT. With
growing evidence to treat pelvic lymph nodes, both in the
definitive and salvage settings, the utilization of VMAT will
enable radiotherapy to be efficiently delivered to the required
target volumes. Further follow-up is needed to assess long-
term biochemical control and toxicity.
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The study is to investigate a Hybrid IMRT/VMAT technique which combines intensity modulated radiation therapy (IMRT) and
volumetricmodulated arc therapy (VMAT) for the treatment of nonsmall cell lung cancer (NSCLC). Two partial arcs VMAT, 5-field
IMRT, and hybrid plans were created for 15 patients with NSCLC. The hybrid plans were combination of 2 partial arcs VMAT and
5-field IMRT.The dose distribution of planning target volume (PTV) and organs at risk (OARs) for hybrid technique was compared
with IMRT and VMAT.The monitor units (MUs) and treatment delivery time were also evaluated. Hybrid technique significantly
improved the target conformity and homogeneity compared with IMRT and VMAT.Themean delivery time of IMRT, VMAT, and
hybrid plans was 280 s, 114 s, and 327 s, respectively. The mean MUs needed for IMRT, VMAT, and hybrid plans were 933, 512, and
737, respectively. Hybrid technique reduced 𝑉

5
, 𝑉
10
, 𝑉
30
, and MLD of normal lung compared with VMAT and spared the OARs

better with fewer MUs with the cost of a little higher 𝑉
5
, 𝑉
10
, and mean lung dose (MLD) of normal lung compared with IMRT.

Hybrid IMRT/VMAT can be a viable radiotherapy technique with better plan quality.

1. Introduction

Treatment of nonsmall cell lung cancer (NSCLC) remains one
of the major challenges for radiotherapy. Three-dimensional
conformal radiotherapy (3D-CRT) has proved to be a promis-
ing treatmentmethod for NSCLC allowing higher doses to be
delivered to the target by improved shaping of radiation por-
tals and conformal avoidance of normal structures compared
with the conventional radiotherapy [1]. Compared to 3D-
CRT, intensity modulated radiation therapy (IMRT) further
significantly improved the dose conformity and sparing of
organs at risk [2]. However, the longer treatment time in
IMRT could increase the discomfort of the patients during
the treatment, and more MUs could increase the incidence
of secondary radiation-induced cancer [3, 4]. Volumetric
modulated arc therapy (VMAT) provided more conformal
target coverage and better sparing of organs at risk (OARs),
with shorter treatment delivery time and fewer MUs than
IMRT in treating cancers of different sites [5–9]. However,
a larger volume of lung receiving lower dose (𝑉

5
and 𝑉

10
)

in VMAT has been reported [10]. Dose volume histogram
parameters of𝑉

5
[11–14] and𝑉

10
[12, 14, 15] have been showed

to be the predictors of the radiation pneumonitis.

The aim of this study is to investigate a radiotherapy
technique we call Hybrid IMRT/VMAT for nonsmall cell
lung cancer treatments. The dosimetric quality and delivery
efficiency of the Hybrid IMRT/VMAT technique were eval-
uated by comparing with IMRT and VMAT for 15 nonsmall
cell lung cancer patients.

2. Methods and Materials

2.1. Patients’ Characteristics. Fifteen NSCLC patients who
underwent radiotherapy from January 2012 to April 2013 in
our hospital were retrospectively selected for this study.

2.2. Delineation of Target Volumes and Critical Structures.
The patients underwent four-dimensional computed tomog-
raphy (4D-CT) (Brilliance Big Bore, PhilipsMedical Systems,
Cleveland, USA) scanning in 5mm slice thickness, 0.5 sec-
onds of scan time per rotation during normal breathing in
supine arm-up position.The gross tumor volume (GTV) was
defined as the visualization of any gross tumor and lymph
nodes involved (>1 cm on CT). An internal target volume
(ITV) was obtained as a union of the GTVs from all respi-
ratory motion phases. The CTV was defined as the potential
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Table 1: Treatment planning objectives used for Hybrid IMRT/
VMAT, IMRT, and VMAT plans.

PTV 𝐷
98% >62.7Gy
𝐷
2% <72.6Gy

Normal lung

∗
𝑉
5

<60%
∗
𝑉
10

<40%
∗
𝑉
20

<30%
∗
𝑉
30

<20%
Mean dose <16Gy

Spinal cord Max dose <50Gy

Esophagus Max dose <66Gy
Mean dose <34Gy

Heart

∗
𝑉
40

<80%
∗
𝑉
50

<30%
Mean dose <30Gy

PTV is planning target volume.
∗
𝑉𝑁 is percentage volume of OARs receiving at least𝑁Gy of radiation dose.

harboring microscopic disease. The PTV was created by
expanding the CTVby 0.5 cm.TheOARs delineated included
the double lungs, normal lung, spinal cord, esophagus, and
heart. We defined the double lungs minus GTV as normal
lung. The spinal cord and the esophagus were contoured
starting at least 2 cm above the superior extent of the PTV
and continuing on every CT slice to at least 2 cm below the
inferior extent of the PTV. No margins were added to the
organs at risk.

2.3. Treatment Planning. Hybrid IMRT/VMAT, IMRT, and
VMAT plans were designed for each patient. The prescribed
dose to the PTV was 66Gy in 33 fractions. The plans were
normalized to cover 95% of the PTV with 100% of the
prescribed dose. The optimization objectives and constraints
shown in Table 1 were the same for the three techniques.
Eclipse 10.0 (Varian, Palo Alto, CA) treatment planning
system was used for all treatment planning, utilizing 6MV
photon beams generated from Varian Trilogy linac equipped
with a 120 leaf MillenniumMultileaf Collimator (MLC).

2.4. IMRT. The beam angles of IMRT were initially opti-
mized by the beam angle optimization algorithm (Varian
Eclipse 10.0); a set of initial optimization objectives were
loaded into the treatment planning system. The number
of the fields was confined to five. Some beam angles were
adjusted according to the experience of the dosimetrists, if
the results of the beam angle optimization did not satisfy the
dosimetric criteria. The plans were iteratively optimized to
obtain the optimal PTV coverage and OARs sparing. After
inverse planning, the leaf sequences using sliding window
technique were generated for IMRT plans.

2.5. VMAT. All VMAT plans were generated using 2 partial
arcs. The collimator angle varied between 0∘ and 90∘ accord-
ing to the shape of the target while minimizing the leakage,
tongue, and groove effects. Other planning parameters were

MLCmotion speed 0 to 2.5 cm/s, gantry rotation speed 0.5 to
4.8 degrees/s, and dose rate 0 to 600MU/min.

2.6. Hybrid IMRT/VMAT. The Hybrid IMRT/VMAT tech-
nique integrates IMRT andVMAT.The IMRTpart consists of
a 5-field IMRT plan (Hybrid-IMRT), which contributes half
of the total prescribed dose, while the VMAT parts consist
of a 2 partial arcs VMAT plan (Hybrid-VMAT) which was
optimized with the IMRT plan as a base plan, to deliver the
other half of the prescribed dose.

2.7. Dosimetric Evaluation. The dosimetric quality of the
Hybrid IMRT/VMAT plans was evaluated by comparison
with IMRT and VMAT. To evaluate the dose distribution
of the target, we calculated the minimal dose delivered to
the 98% of the target volume (𝐷

98%), the maximum dose
delivered to the 2% of the target volume (𝐷

2%), the median
absorbed dose delivered to the 50% of the target volume
(𝐷
50%), conformation number (CN), and homogeneity index

(HI) according to the ICRU report 83 [16]. All parameters
were computed on the basis of the DVH.The CNwas defined
using the equation [11]

CN =
TVRI
TV
×
TVRI
𝑉RI
, (1)

where CN is conformation number, TVRI is target volume
covered by the reference isodose, TV is target volume, and
𝑉RI is volume of the reference isodose. The CN ranged from
0 to 1, where 1 was the ideal value. A larger CN indicated a
smaller volume of the prescription dose delivered outside the
PTV. The HI was defined using the equation [16]

HI =
𝐷2% − 𝐷98%
𝐷50%

. (2)

An HI of 0 indicated that the dose distribution was almost
homogenous. A larger HI indicated a greater dose exceeding
the prescribed dose and/or a larger volume of the target
receiving too small dose. The evaluation criteria of OARs
were defined basically according to RTOG 1106 protocols.
𝑉
5
, 𝑉
10
, 𝑉
20
, 𝑉
30
, and mean lung dose (MLD) values were

recorded and compared for normal lung, as well as the
maximum dose of the spinal cord, the mean and maximum
dose of the esophagus, the 𝐷

2%, 𝑉40, 𝑉60, and mean dose of
the heart.

2.8. Treatment Delivery Time and MUs. The Hybrid IMRT/
VMAT, IMRT, and VMAT plans for 15 patients were deliv-
ered to a solid water phantom (Multicube Phantom, IBA,
Germany) on the Trilogy linear accelerator. The treatment
delivery time and MUs were recorded and evaluated. The
treatment delivery time was defined as the time from first
beam on until last beam off.

2.9. Dosimetric Evaluation Stratified by Target Volume. In
order to investigate the target volume effect on the selection of
the optimal technique, we separated the 15 patients into two
groups according to the volumes of the PTVs, 8 patients with
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Figure 1: Representative axial, coronal, and sagittal computed tomography slices showing isodose distribution for (a) IMRT, (b) VMAT, and
(c) Hybrid IMRT/VMAT. Planning target volume (PTV) shown in red.

the PTV volumes smaller and 7 patients larger than the mean
volume of the PTVs (416.1 cm3). The dose distribution of
planning target volume (PTV) and organs at risk (OARs) for
Hybrid IMRT/VMAT was compared with IMRT and VMAT
for two groups separately.

2.10. Statistical Analysis. Paired two tailed 𝑡-test was used
to compare the three techniques. Statistical analysis was
performedusing the SPSS (version 13.0, Chicago, IL) forWin-
dows. Differences were reported to be statistically significant
at 𝑝 < 0.05.

3. Results

The mean volume of the PTV was 416.1 cm3 (173.4 cm3 to
887.0 cm3). For all 15 cases, all the plans were clinically
acceptable in terms of target coverage, with at least 98% PTV
receiving 95% of the prescribed dose. The typical isodose
distribution and DVH comparison were given in Figures 1
and 2 for a patient with stage IIIB nonsmall cell lung cancer.
The PTV was 414.0 cm3. The lesions were located in the right
hilus pulmonis and the upper lobe of the right lung. The
beams obtained by the beam angle optimization for IMRT are
39∘, 150∘, 210∘, 306∘, and 342∘. Two partial arcs of 0∘ ∼ 181∘ and
181∘ ∼ 0∘ were used for VMAT.

3.1. Target Coverage. The data for PTV coverage and OARs
sparing of IMRT, VMAT, and Hybrid IMRT/VMAT plans
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Figure 2: Representative dose volume histogram for IMRT, VMAT,
and Hybrid IMRT/VMAT.The curves of IMRT, VMAT, and Hybrid
IMRT/VMAT are indicated in solid lines, dashed lines, and dotted
lines, respectively.

were summarized in Tables 2 and 3. Hybrid IMRT/VMAT
significantly improved the target conformity compared with
IMRT and VMAT. The mean CN was 0.79, 0.86, and 0.88
for IMRT, VMAT, and hybrid plans, respectively. Hybrid
IMRT/VMAT also significantly improved the PTV dose
homogeneity compared with IMRT (9.8 versus 11.3; 𝑝 < 0.05)
andVMAT (9.8 versus 12.6; 𝑝 < 0.05). Compared with IMRT,
VMAT also improved the dose conformity.
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Table 2: The data for PTV coverage for IMRT, VMAT, and Hybrid IMRT/VMAT plans.

IMRT VMAT Hybrid IMRT versus VMAT IMRT versus Hybrid VMAT versus Hybrid
Mean ± SD Mean ± SD Mean ± SD 𝑝 value 𝑝 value 𝑝 value

PTV
𝐷
98% (Gy) 64.6 ± 0.5 64.6 ± 0.5 65.0 ± 0.3 >0.05 <0.05 <0.05
𝐷
2% (Gy) 72.6 ± 1.7 73.3 ± 1.7 71.5 ± 1.0 >0.05 <0.05 <0.05

CN 0.79 ± 0.05 0.86 ± 0.04 0.88 ± 0.03 <0.05 <0.05 <0.05
HI (%) 11.3 ± 0.7 12.6 ± 0.6 9.8 ± 0.3 <0.05 <0.05 <0.05
PTV is planning target volume, IMRT is intensity modulated radiation therapy, VMAT is volumetric modulated arc therapy, CN is conformation number, and
HI is homogeneity index.

Table 3: The data for OARs sparing for IMRT, VMAT, and Hybrid IMRT/VMAT plans.

IMRT VMAT Hybrid IMRT versus VMAT IMRT versus Hybrid VMAT versus Hybrid
Mean ± SD Mean ± SD Mean ± SD 𝑝 value 𝑝 value 𝑝 value

Normal lung
𝐷
2% (Gy) 67.5 ± 2.7 67.9 ± 3.7 67.7 ± 3.2 >0.05 >0.05 >0.05
∗
𝑉
30
(%) 18.7 ± 4.1 18.4 ± 4.2 17.7 ± 3.9 >0.05 <0.05 <0.05

∗
𝑉
20
(%) 25.4 ± 4.9 25.2 ± 6.1 25.5 ± 5.6 >0.05 >0.05 >0.05

∗
𝑉
10
(%) 35.2 ± 6.9 41.7 ± 8.0 38.5 ± 7.3 <0.05 <0.05 <0.05

∗
𝑉
5
(%) 50.0 ± 8.2 60.3 ± 11.2 57.2 ± 10.7 <0.05 <0.05 <0.05

Mean (Gy) 14.2 ± 2.2 15.2 ± 2.6 14.6 ± 2.3 <0.05 <0.05 <0.05
Spinal cord
𝐷max (Gy) 41.5 ± 10.0 35.7 ± 10.5 35.9 ± 9.0 <0.05 <0.05 >0.05

Esophagus
𝐷max (Gy) 67.0 ± 5.7 66.2 ± 6.9 63.7 ± 7.9 >0.05 <0.05 <0.05
Mean (Gy) 22.9 ± 9.9 23.0 ± 9.6 22.4 ± 9.7 >0.05 <0.05 <0.05

Heart
𝐷
2% (Gy) 34.0 ± 25.7 31.3 ± 24.0 31.6 ± 23.8 >0.05 <0.05 >0.05

Mean (Gy) 8.5 ± 8.8 7.4 ± 7.1 7.8 ± 7.8 <0.05 <0.05 >0.05
∗
𝑉
60
(%) 1.1 ± 2.0 0.9 ± 1.6 0.8 ± 1.5 <0.05 <0.05 >0.05

∗
𝑉
40
(%) 4.5 ± 5.6 2.8 ± 4.0 3.2 ± 4.4 <0.05 <0.05 >0.05

PTV is planning target volume, IMRT is intensity modulated radiation therapy, VMAT is volumetric modulated arc therapy, CN is conformation number, and
HI is homogeneity index.
∗
𝑉𝑁 is percentage volume of OARs receiving at least𝑁Gy of radiation dose.

3.2. Organs at Risk Sparing. The 𝑉
30

of normal lung for
hybrid plans was significantly lower than IMRT plans (17.7%
versus 18.7%; 𝑝 < 0.05) and VMAT plans (17.7% versus
18.4%; 𝑝 < 0.05). There was no significant difference in 𝑉

20

of normal lung among three techniques. The 𝑉
5
, 𝑉
10
, and

mean lung dose (MLD) of normal lung for hybrid plans were
12.6%, 8.6%, and 2.7% higher than those for IMRT plans,
respectively (𝑝 < 0.05).However, the𝑉

5
,𝑉
10
,𝑉
30
, andMLDof

normal lung for hybrid plans were 5.1%, 7.7%, 3.8%, and 3.9%
lower than those for VMAT plans, respectively (𝑝 < 0.05).
Themaximum doses of spinal cord and esophagus for hybrid
plans were 5.6Gy and 3.3Gy lower than those for IMRT plans
(𝑝 < 0.05).Themean doses of esophagus and heart for hybrid
plans were 2.2% and 8.2% lower than IMRT plans (𝑝 < 0.05).
The 𝑉

40
and 𝑉

60
of heart for hybrid plans were 27.3% and

28.9% lower than those for IMRT plans (𝑝 < 0.05).

3.3. Treatment Delivery Time and MUs. The mean delivery
time of hybrid planswas longer than that of IMRTplans (327 s

versus 280 s; 𝑝 < 0.05) and that of VMAT plans (327 s versus
114 s; 𝑝 < 0.05). The number of mean MUs of hybrid plans
(797 ± 81) was between the values of IMRT (997 ± 140) and
VMAT plans (509 ± 53).

3.4. Dosimetric Evaluation Stratified by Target Volume. For
the patients with the PTV volume smaller than 416.1 cm3,
the mean CN was 0.72, 0.86, and 0.89 for IMRT, VMAT,
and hybrid plans, respectively. Hybrid plans also significantly
improved the PTV dose homogeneity compared with IMRT
(9.9 versus 17.1; 𝑝 < 0.05) and VMAT (9.9 versus 14.9; 𝑝 <
0.05). The mean 𝑉

5
and 𝑉

10
of normal lung for hybrid plans

were 31.3% and 19.0%, with an absolute difference of 4.1%
and 1.1% lower than those for VMAT plans (𝑝 < 0.05),
respectively. The MLD for hybrid plans was 6.8Gy, 0.4Gy
lower than that for VMAT plans (𝑝 < 0.05). No difference
of 𝑉
20

of normal lung among the IMRT, VMAT, and hybrid
plans was found. The mean 𝑉

30
of normal lung for hybrid
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plans was 20.3% lower than that for IMRT plans (𝑝 < 0.05).
No significant differencewas found in themean𝑉

30
of normal

lung between hybrid and VMAT plans. The maximum dose
of spinal cord for hybrid plans was 27.6Gy, which was 4.3 Gy
lower than that for IMRT plans (𝑝 < 0.05). The mean dose
of esophagus for hybrid plans was 9.4Gy, which was 0.7Gy
lower than that for VMAT plans (𝑝 < 0.05). No differences in
the mean𝐷max of esophagus and𝐷2%, mean dose,𝑉

60
,𝑉
40
of

heart among the IMRT, VMAT, and hybrid plans were found.
For the patients with the PTV volume larger than

416.1 cm3, the mean CN was 0.64, 0.80, and 0.83 for IMRT,
VMAT, and hybrid plans, respectively. Hybrid plans also
significantly improved the PTV dose homogeneity compared
with IMRT (10.0 versus 14.6; 𝑝 < 0.05). The mean 𝑉

5
of

normal lung for hybrid plans was 49.2%, with an absolute
difference of 4.4% lower than that for VMAT plans (𝑝 <
0.05), while no difference was found for 𝑉

10
between two

techniques. The MLD for hybrid plans was 10.4Gy, 0.6Gy
lower than that for VMAT plans (𝑝 < 0.05). No differences
of 𝑉
20
and 𝑉

30
of normal lung among the IMRT, VMAT, and

hybrid plans were found. The maximum dose of spinal cord
for hybrid plans was 37.0Gy, whichwas 5.8Gy lower than that
for IMRTplans (𝑝 < 0.05). No differences of𝐷max,mean dose
of esophagus and𝐷

2%, mean dose,𝑉
60
,𝑉
40
of heart among the

IMRT, VMAT, and hybrid plans were found.

4. Discussion

In this study, we investigated a Hybrid IMRT/VMAT tech-
nique for primary nonsmall cell lung cancer. Compared
with IMRT and VMAT, the improvements in conformity
and homogeneity with Hybrid IMRT/VMAT were especially
importantwhen the target was in close proximity to the spinal
cord limiting a satisfactory coverage of PTV. Compared
with IMRT, Hybrid IMRT/VMAT significantly reduced the
irradiated volume of the OARs and normal tissue receiv-
ing medium to high dose. Compared with VMAT, Hybrid
IMRT/VMAT reduced the volume of normal lung receiving
dose higher than 5Gy, 10Gy, 30Gy, and MLD significantly.

Several studies suggested that 𝑉
5
[11–14], 𝑉

10
[12, 14, 15],

and MLD [14, 15, 17, 18] were correlated with radiation
pneumonitis, although the determination of the contributors
to radiation pneumonitis was challenging, since a variety of
treatment/patient-related factors appeared to influence this
risk.

There were several studies demonstrating that VMAT
could reduce delivery time and MUs compared with IMRT
[12–15]. Reduction of delivery time could decrease the pos-
sibility of the intrafraction patient motion that leads to
target underdosage and/or worse OARs sparing. However,
the treatment delivery time of hybrid plans was longer than
that of VMAT and IMRT plans in our study, because a hybrid
plan comprised of both a 5-field IMRT and a 2 partial arcs
VMAT. Liu et al. [19] reported that IMRT plans with fewer
beams (five or seven beams) could achieve dosimetric quality
comparable to those using nine equal-spaced beams, with
reduced MUs and field segments. Using nine equal-spaced
beams could allow more conformal plans but increased 𝑉

5

and 𝑉
10

of normal lung. So, we used 5-field IMRT plans to

reduce the low dose distribution for normal lung. Chan et
al. [20] reported that, in their pilot study of using VMAT,
dosimetric distribution of one full arc was less favorable
compared to those with two half arcs. So, 2 partial arcs
VMATwas a good choice to compare with IMRT andHybrid
IMRT/VMAT.

Hybrid IMRT/VMAT improved the target dose confor-
mity and homogeneity compared with IMRT and VMAT,
while the difference of dose homogeneity of hybrid and
VMAT plans became insignificant for the patients with
the PTV volume larger than 416.1 cm3. The possible reason
was that IMRT and VMAT made compromises in different
aspects. IMRT achieved a reasonable dose distribution by
intensity modulation with limited angular beam sampling.
Due to the sparse angular sampling in IMRT, the conformity
of the resultant dose distribution was often limited. On the
other hand, while VMAT had sufficient angular sampling,
it did not provide the desired intensity modulation in some
beam directions. The final dose distribution depended on
the level of intensity modulation and angular sampling.
Hybrid IMRT/VMAT improved the target conformity and
homogeneity by increasing the freedom to find the optimal
combination of angular sampling and intensity modulation.
The reason for the insignificance of homogeneity difference
with increasing target volume between VMAT and hybrid
plans was perhaps due to the fact that the homogeneity satu-
rated by increasing the angular sampling in VMAT beyond
a certain level, with the side effect of spreading low dose,
which was also demonstrated as the reduced 𝑉

30
in VMAT

and hybrid plans compared with IMRT for smaller targets,
whereas no difference was found among three techniques for
larger targets.

Several recent publications have introduced hybrid tech-
niques which consisted of IMRT and arc with the purpose
of combining the efficiency of arc and OARs sparing of
IMRT. Martin et al. [17] reported that a novel IMRT &
Arc technique consisted of 4-field IMRT in conjunction
with a conformal arc. They demonstrated that for patients
with esophageal cancers the IMRT & Arc technique could
potentially improve the therapeutic ratio in reduction of car-
diorelated and pulmonary toxicity compared with plans for
either helical tomotherapy or single-arc RapidArc plans. The
forward planning for the conformal arc, as well as themanual
IMRT beam arrangement, was used in their study. Similarly,
Robar and Thomas [18] reported a HybridArc technique
combining optimized dynamic conformal arcs and IMRT. In
contrast to VMAT component in Hybrid IMRT/VMAT, the
arc component of IMRT&Arc andHybridArc did not involve
intensity modulation, for example, via dose rate or gantry
speed modulation, overlapping multiple arcs, or associated
linac functionality. Compared with Hybrid IMRT/VMAT
technique, the degrees of freedom of IMRT & Arc and
HybridArc were limited by (1) only a single pass by each
arc, (2) constant dose rate, and (3) constant gantry speed.
So no improvements in the brainstem and optic chiasm
sparing were found in HybridArc compared with IMRT
for the complex cranial cases. Chan et al. [20] reported
that the Hybrid-RapidArc technique utilizing two arcs with
additional static conformal fields could produce lower 𝑉

5
,



6 BioMed Research International

𝑉
10
, and MLD than double arcs RapidArc technique for lung

cancers. However, Hybrid-RapidArc failed to meet the plan
acceptance criteria due to the limited ability of intensity
modulation with the conformal radiotherapy component,
especially for the challenging cases (highly irregular PTV),
with involving mediastinal lymphadenopathy. Furthermore,
the ability to reduce the volume of normal lung receiving low
doses was limited, because the intensity of the static beams
could not be modulated to achieve good target conformity.

We developed a Hybrid IMRT/VMAT technique using
IMRT as the base plan and then optimized the VMAT plan
achieving trade-off between better dosimetric quality of
IMRT and delivery efficiency (fewer MUs) of VMAT. This
technique can be used on any treatment planning system
capable of producing both VMAT and IMRT plans. Addi-
tional research work on the Hybrid IMRT/VMAT strategy is
warranted in several areas. Most notable is to develop an
optimization algorithm which can optimize both VMAT and
IMRT simultaneously to determine the optimal propor-
tion of the prescribed dose for the IMRT and VMAT
components, the delivery sequence integrating the IMRT
and VMAT components. Furthermore, the types of can-
cer sites and geometries that will benefit most from
this Hybrid IMRT/VMAT technique should be further
investigated.

We investigated the influence of prescription dose ratio
between IMRT and VMAT in Hybrid IMRT/VMAT on the
dose distribution and delivery efficiency, by creating the plans
with the weighting of IMRT to VMAT of 1 : 1, 1 : 2, and 2 : 1.
The results demonstrated that better conformity, homogene-
ity, sparing of normal lung from higher dose irradiation, and
delivery efficiency were obtained with the increasing weight
of the VMAT, with the cost of increasing the volume of
low dose to normal lung (𝑉

5
, 𝑉
10
) and MLD. In addition,

the ideal number of IMRT beams and VMAT arcs and the
start and stop angle of arcs in hybrid plans would likely vary
for different cases. For the representative case in this study,
the beam angles of the IMRT plan were optimized using
the beam angle optimization algorithm. Two right-anterior
oblique fields and a right-posterior oblique field with gantry
angles of 342∘, 306∘, and 210∘, a left-anterior oblique field with
gantry angle of 39∘, and a left-lateral field with gantry angle
of 150∘ were used. For the VMAT plan, two half arcs with the
gantry angle 181∘ to 0∘ and 0∘ to 181∘ were used.Wewill further
investigate a feasibility of automatic determination of these
parameters for the individual patients in the optimization, so
that the full potential of hybrid technique can be explored
and the hybrid plans can be planned and delivered together,
not separately. Hoover et al. [21] investigated an optimization
and delivery technique called united intensity-modulated
arc therapy (UIMAT), which optimized IMRT and VMAT
simultaneously and delivered IMRT and VMAT in the same
arc. They found that UIMAT has the potential to be superior
to IMRT or VMAT.

TheHybrid IMRT/VMAT technique can be implemented
to find the optimal compromise between gantry-angle and
intensity modulation degrees of freedom, dosimetric quality,
and delivery efficiency. It may be delivered without switching
between delivery techniques in the future. That is, hybrid

plans will be delivered as modulated arcs with IMRT inside,
that is, IMRT control points (with no gantrymotion) within a
VMAT control point sequence (with gantry changes) rather
than current two separate components, so that the delivery
time would be further reduced. In addition, the emergence of
autofield sequencing, which eliminates the unnecessary oper-
ator manual control of gantry rotation during dose delivery,
and the dramatically increased dose rate in modern digital
LINACs will make Hybrid IMRT/VMAT more efficient.

Our previous study demonstrated that some gantry
angles benefited plan quality themost frombeammodulation
for some specific targets and OARs configuration [22]. Li and
Xing [23] and Matuszak et al. [24] also demonstrated that an
additional modulation from “optimal” beam angle improved
plan quality compared with VMAT alone. While there were
some optimal beam orientations that would benefit from
IMRT, the selection of the best beamorientations formodula-
tion might become increasingly difficult for the complicated
cases. Li and Xing [23] proposed a dense angularly sampled
and sparse intensity modulated RT (DASSIM-RT) strategy,
in which a large number of beam angles were used to
increase the angular sampling while simplifying the intensity
modulation by eliminating the dispensable segments, to
improve dose distribution while maintaining high delivery
efficiency. In contrast with Hybrid IMRT/VMAT, DASSIM-
RT utilized an IMRT delivery mode, which could be time
intensive. In addition, the number of beams and intensity
level were arbitrarily selected in DASSIM-RT. Matuszak
et al. [24] reported a similar strategy called FusionArc and
proposed and validated gradient factor as the metric to find
the optimal IMRT beam directions. They used a single-arc
VMAT plan as the baseline plan and then converted selected
VMAT apertures with the highest gradient into IMRT beams.
Different from the arbitrarily selecting the number of beams
and intensity level in DASSIM-RT, and using one arc and
sequentially converting IMRTbeamone by one in FusionArc,
in our study, the Hybrid IMRT/VMAT integrated 5 IMRT
fields and 2 partial VMAT arcs, in which the optimal
IMRT beam directions were created by using beam angle
optimization, while the VMAT arcs were optimized with the
IMRT part as a base plan.

5. Conclusions

In combining VMAT and IMRT beams, Hybrid IMRT/
VMAT significantly improved both the target dose confor-
mity and the homogeneity compared with IMRT and VMAT
for nonsmall cell lung cancer. It reduced 𝑉

5
, 𝑉
10
, 𝑉
30
, and

MLD of normal lung compared with VMAT and protected
theOARs betterwith fewerMUswith the cost of a little higher
𝑉
5
,𝑉
10
, andmean lung dose (MLD) of normal lung compared

with IMRT. Hybrid IMRT/VMAT technique can be a viable
radiotherapy technique with better plan quality.
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