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Radiation therapy is an integrated part of the modern com-
prehensive cancermanagement. It has been proven that treat-
ment effectiveness leads to curing various types of cancers.
For example, radiotherapy can result in a 2-year progression-
free (PF) survival and overall survival rate to 72.7% and
80.2%, respectively, using IMRT techniques for dose painting
of nasopharyngeal carcinoma [1]; this is a very sensitive type
of tumor to DNA killing by radiation beams. However, the
cure rate for very advanced tumors and certain cancers such
as glioblastoma multiforme is still pessimistic. Currently,
strategies to improve efficacy of radiation therapy are being
studied. One of the major improvements of radiation therapy
is to increase the treatment dose to the tumor. However,
the main limiting factor to higher dosage delivery to tumor
cells is normal tissue tolerances. To overcome this limitation,
one can reduce treatment volume to normal tissue or sculpt
the target dose as an increment with dose to the tumor
[2]. This can be achieved by improving the definition of
target volume and the precision of dosimetry delivery with
advanced treatment techniques.

One of the major advancements in radiation oncology
in early 1990s was the development of conformal three-
dimensional (3D) radiation therapy. In this technique, the
prescribed dose volume was made to conform to the tar-
get volume and spare more normal tissues. Furthermore,

radiation dosimetry based on 3D conformal therapy has
been studied more accurately andMonte Carlo methodology
[3] has been also introduced into the current calculation
for patient dosimetry. In the last decade, much interest has
been generated in other forms of conformal treatment plan-
ning, that is, intensity modulated radiation therapy (IMRT)
and stereotactic radiosurgery and radiotherapy (SRS and
SRT). IMRT involves the delivery of optimized, nonuniform
irradiation beam intensities. A uniform dose distribution
can be created around the tumor by either modulating the
intensity of the beam during its journey through the linear
accelerator or by using multileaf collimators. The resultant
dose distributions are highly conformal. This technology
provides the potential of improved tumor irradiation and
sparing of the organ in the vicinity of the target to an
extent that was not possible before, especially for concave
target volume usually seen in head and neck cancers. In
head and neck cancers, tumor dose is often limited by the
surrounding critical structures such as spinal cord. Tight
dose gradients around the target volume also enable higher
doses to be delivered to the tumor while reducing the dose
to surrounding critical organs and radiosensitive tissues such
as salivary glands, ears, optic chiasm, and hippocampi. Lee
et al. [4] in early days reported a locoregional recurrence-
free survival of 97% at a median followup of 31 months for
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67 nasopharyngeal carcinoma patients treated with IMRT. At
24-month followup, 92% patients had grade 0-1 xerostomia.
Other late toxicities were not assessed for the follow-up
period. This has indicated that with newer technology and
with optimal dose distribution, impressive clinical outcome
could be achieved.

While radiotherapy treatment planning technique is
matured to a level with precise dosimetry distribution, how-
ever, the inaccuracy of CT definition of tumors and normal
structures could likely hinder the accurate target delineation
and dose calculations. To overcome those limitations, fusion
with other imaging techniques, for example, MRI and PET,
is being implemented. MRI has been shown to have better
differentiation between normal tissues and many different
types of tumors. Image fusion studies with FDG-PET and CT
scan have shown encouraging results. A significant impact of
PET-derived contours on treatment planning has been shown
in 30–60% of the plans with respect to the CT-only target
volume [5].

SRS and SRT are forms of the 3D technique that deliver
radiation doses in one fraction or hypofractionated scheme to
a small intracranial target or targets close to critical structure
such as spinal cord or brain stem. Both SRS and SRT combine
the contemporary principles of neurosurgery and radiother-
apy. Patient’s head is attached securely to a fixation device.
Radiotherapy can be deliveredwith 3methods, namely, heavy
charged particles (i.e., protons), gamma irradiation emitted
from Co-60, and high energy photon irradiation produced
with linear accelerators. Conformal radiotherapy is achieved
by the use of multiple noncoplanar arcs. SRS and SRT have
been proven to be effective in the treatment for controlling
tumor growth or even the benign intracranial and extra-
cranial diseases.

With the improvement of treatment imaging modalities,
to adjust patient localization in a nearly real-time basis
becomes feasible. The on-treatment cone/fan beam CT, with
patient immobilized at the treatment position, while repo-
sitioning correlation based on correlation to the planning
CT has become a standard image guided radiation therapy
(IGRT) in modern centers. This process has been proven
to avoid any positional discrepancy while performing daily
patient treatment. Furthermore, with the improvement of
CPU/GPU power of current computing technology, the real-
time calculation has been making good process. Li [6] has
introduced an extensive summary publication on how to
approach these adaptive radiation treatment techniques.

There are many topics in the radiation therapy which
could be addressed in more details. Also there have been
various treatment devices and methodologies introduced to
clinical treatment with efficacy, hopefully, reaching better
clinical outcomes. The main focus of this special issue
is focusing on the new development in cancer treatment,
quality control, treatment techniques, and radiation dosime-
try with related topics. The special issue covers the most
recent developments and ideas in radiation oncology in a
broad spectrum, with special emphasis given to the clinical
progress with new technologies. This special issue included
various topics which have been discussed by researchers
as follows:

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

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

This editorial provides comprehensive introduction to
these new technology advancements in radiation therapy and
many important topics associated with implementing the
technologies. In conclusion, the technological advancements
in radiotherapy in the last two decades have been immense.
There are tremendous amounts of information available via
modern technological implementation. Clinical data on these
new technologies are proven by many institutions. Again,
there will be more technical breakthroughs on cell or even
at the molecular levels, which may present another challenge
for researchers.

Tsair-Fwu Lee
Jack Yang

Eng-Yen Huang
Chung-Chi Lee
Maria F. Chan

An Liu

References

[1] N. Lee, J. Harris, A. S. Garden et al., “Intensity-modulated
radiation therapy with or without chemotherapy for nasopha-
ryngeal carcinoma: radiation therapy oncology group phase II
trial 0225,” Journal of Clinical Oncology, vol. 27, no. 22, pp. 3684–
3690, 2009.

[2] H. Suit, “The gray lecture 2001: coming technical advances
in radiation oncology,” International Journal of Radiation
Oncology ∗ Biology ∗ Physics, vol. 53, no. 4, pp. 798–809, 2002.

[3] S. E. Goiten and G. Lewis, “An overview of Monte Carlo treat-
ment planning for radiotherapy radiat,” Radiation Protection
Dosimetry, vol. 131, no. 1, pp. 123–129, 2008.

[4] N. Lee, P. Xia, J. M. Quivey et al., “Intensity-modulated
radiotherapy in the treatment of nasopharyngeal carcinoma:
an update of the UCSF experience,” International Journal of
Radiation Oncology ∗ Biology ∗ Physics, vol. 53, no. 1, pp. 12–
22, 2002.



BioMed Research International 3

[5] C. Greco, K. Rosenzweig, G. L. Cascini, and O. Tamburrini,
“Current status of PET/CT for tumour volume definition in
radiotherapy treatment planning for non-small cell lung cancer
(NSCLC),” Lung Cancer, vol. 57, no. 2, pp. 125–134, 2007.

[6] X. A. Li, Adaptive Radiation Therapy, Taylor and Francis, Boca
Raton, Fla, USA, 2011.



Research Article
Investigating the Feasibility of Rapid MRI for Image-Guided
Motion Management in Lung Cancer Radiotherapy

Amit Sawant,1 Paul Keall,2 Kim Butts Pauly,3 Marcus Alley,3 Shreyas Vasanawala,3

Billy W. Loo Jr.,3 Jacob Hinkle,4 and Sarang Joshi4

1 University of Texas, Southwestern Medical Center, Dallas, TX 75235, USA
2University of Sydney, Sydney, NSW 2006, Australia
3 Stanford University, Stanford, CA 95305, USA
4University of Utah, Salt Lake City, UT 84112, USA

Correspondence should be addressed to Amit Sawant; amit.sawant@utsouthwestern.edu

Received 17 April 2013; Revised 6 November 2013; Accepted 7 November 2013; Published 12 January 2014

Academic Editor: Jack Yang

Copyright © 2014 Amit Sawant et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Cycle-to-cycle variations in respiratory motion can cause significant geometric and dosimetric errors in the administration of lung
cancer radiation therapy. A common limitation of the current strategies for motion management is that they assume a constant,
reproducible respiratory cycle. In this work, we investigate the feasibility of using rapid MRI for providing long-term imaging of
the thorax in order to better capture cycle-to-cycle variations. Two nonsmall-cell lung cancer patients were imaged (free-breathing,
no extrinsic contrast, and 1.5 T scanner). A balanced steady-state-free-precession (b-SSFP) sequence was used to acquire cine-2D
and cine-3D (4D) images. In the case of Patient 1 (right midlobe lesion, ∼40mm diameter), tumor motion was well correlated with
diaphragmatic motion. In the case of Patient 2, (left upper-lobe lesion, ∼60mm diameter), tumor motion was poorly correlated
with diaphragmatic motion. Furthermore, the motion of the tumor centroid was poorly correlated with the motion of individual
points on the tumor boundary, indicating significant rotation and/or deformation. These studies indicate that image quality and
acquisition speed of cine-2DMRIwere adequate formotionmonitoring.However, significant improvements are required to achieve
comparable speeds for truly 4D MRI. Despite several challenges, rapid MRI offers a feasible and attractive tool for noninvasive,
long-term motion monitoring.

1. Introduction

Respiratory motion causes significant uncertainties in tumor
delineation, radiotherapy (RT) dose calculations, and deliv-
ery, particularly in the case of thoracic tumors (e.g., lung,
liver) [1].Themanagement of respiratory motion has been an
active area of research over the last decade. Several investi-
gational as well as clinically implemented respiratory motion
management strategies have been described in the literature
[1]. However, a common limitation of most of these strategies
is that they rely on image-guidance techniques that make
simplifying assumptions about respiratorymotion and do not
adequately capture cycle-to-cycle variations which invariably
occur in all patients. Modern motion-managed radiother-
apy typically uses four-dimensional computed tomography
(4DCT) as the tool of choice for pretreatment anatomic

imaging (also termed as “CT simulation” or “CT-sim” in the
literature). In this technique, CT projections are acquired
over several respiratory cycles from successive “slabs” in the
body. At the same time, an external surrogate (e.g., an optical
marker) records the amplitude of respiration. Based on the
surrogate motion trace, the reconstructed slices are sorted
into 6–10 volumes over a single respiratory average cycle,
where each volume represents a specific phase of respiration
(inhalation through exhalation) [2–4]. This retrospectively
reconstructed “movie” of a single respiratory cycle serves
as the anatomical ground truth for all subsequent stages
of radiotherapy (contouring, treatment planning, and dose
delivery).

It is well recognized, however, that respiratory motion
is far more complex than can be characterized by a single
average cycle. Cycle-to-cycle variations such as baseline
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shifts and changes in the amplitude and/or frequency of
the respiratory waveform are inadequately accounted for in
4DCT-based planning and can lead to significant geometric
and therefore dosimetric errors [5]. Furthermore, binning
CT projection data acquired over several cycles into a single
cycle leads to severe image artifacts. For example, Yamamoto
et al. found that 45 of 50 patients had at least one artifact,
with mean magnitude of 11.6mm (range: 4.4–56.0mm) [6].
In a separate study, Persson et al. found that 4DCT artifacts
caused significant uncertainties in the delineation of the gross
tumor volume (GTV) in 16 out of 19 patients [7]. Finally,
the equivalent dose for 4DCT is quite high (29–40mSv),
about 4 times higher than that for 3DCT (3–10mSv) [8].
Such high imaging dose discourages long-term monitoring
and frequent imaging. Due to these limitations, 4DCT-
based image guidance provides an incomplete picture of
respiration-induced spatial and temporal changes in the
thoracic anatomy.

The aim of this work is to investigate the feasibility
of using rapid magnetic resonance imaging (MRI) as a
nonionizing imaging modality to capture long-term and/or
frequent information about respiratory motion and its effects
on the movement and deformation of lung tumors and
surrounding critical organs.The fundamental difference and,
therefore, advantage of cine MRI are that, unlike 4DCT, the
MR image (i.e., slice or volume) is acquired prospectively,
thereby capturing an actual instance of the patient anatomy,
which is closer to reality compared to an average estimate of
the anatomical state that is represented by 4DCT. Prospective
acquisition also enables MRI to overcome the two main
challenges that limit the utility of 4DCT images, namely, the
ability to capture cycle-to-cycle variations and elimination of
binning-related image artifacts. In addition, due to the fact
thatMRI does not involve ionizing radiation, there is no dose
penalty for repeated imaging (as opposed to 4DCT).

The use of rapid cine-2D as well as 4DMRI for radiother-
apy guidance has been previously reported in the literature. In
cine-2D MRI, a slice of the anatomy is selected, at arbitrary
orientation, and imaged repeatedly in time. 4D MRI is
conceptually similar, except that in this case an entire volume
is selected and imaged. Plathow et al. have reported cine-
2D imaging of lung cancer patients at ∼3 frames per second
(fps) [9] and 4D imaging of malignant pleural mesothelioma
patients at ∼1 volume/s [10], under slow-breathing conditions
using a 1.5 T scanner. Von Siebenthal et al. have reported
on a 4D MR imaging technique using retrospective stacking
of cine-2D slices [11]. Biederer et al. report 4D MRI of
a ventilated chest phantom that uses porcine lung with
embedded agarose nodules to simulate tumors [12]. More
recently, Cai et al. have reported a 4DMRI study of a moving
phantom using a technique that uses retrospective sorting
of cine-2D slices [13]. To our knowledge, there has been no
systematic study of rapid lung MRI in the context of image-
guided radiotherapy (IGRT)motionmanagement under real-
istic (prospective acquisition, free-breathing human subjects)
conditions.

In this work, we present a pilot investigation of prospec-
tive rapid cine-2D and cine-3D (commonly termed as “4D” in

radiotherapy and the MRI literature) MRI of two nonsmall-
cell lung cancer (NSCLC) patients under free-breathing
conditions, without externally administered contrast. Sub-
sequently, we compute and analyze the motion trajectories
of tumors and structures of interest. Our current goal is
to demonstrate the feasibility and the utility of rapid MR
imaging to monitor respiratory motion over multiple cycles
and obtain guidance information about themotion, deforma-
tion, and the interplay between lung tumors and surrounding
critical organs. Our long-term goal (beyond the current
scope) is to use the information obtained from rapid MRI to
augment and potentially correct 4DCT images.

2. Methods

2.1. Imaging of NSCLC Patients. Two NSCLC patients were
imaged following informed consent. Patient number 1 was a
67-year old female with an ∼40mm diameter right midlobe
tumor. Patient number 2 was an 80-year old male with
an ∼60mm diameter left upper-lobe tumor. Both patients
were scanned on a 1.5 T scanner (GE Signa). Both patients
were scanned in the supine position, under free-breathing
conditions and without externally administered contrast. For
each patient, a 4-channel cardiac coil was centered around the
tumor. cine-2D time series in the coronal and sagittal planes
were acquired using a balanced steady-state free preces-
sion (b-SSFP) sequence and the images were reconstructed
using the vendor’s in-built software. In all cases except one
(Patient number 1, coronal series), half-Fourier acquisition
was used in order to achieve higher imaging speed. In the
case of Patient number 2 an additional 3D+t (4D) scan of
a tumor-inclusive coronal slab (8 slices, each 5mm thick)
was acquired using the b-SSFP sequence in the 3D mode
and in conjunction with parallel imaging (acceleration = 4).
The 4D images were reconstructed using the autocalibrating
reconstruction for Cartesian imaging (ARC) algorithm [14].
Table 1 summarizes the image acquisition parameters for the
cine-2D and the 4D acquisitions.

2.2. Motion Analysis. For each time series from Table 1, the
motion trajectories of the tumor and structures of interest
were determined as follows. A fluid-flow-based deformable
image registration, previously validated for RT applications
[15–17], was applied to each time series to compute deforma-
tion vector fields (DVFs) across the temporal dimension. In
order to reduce errors and achieve high computation speed
(i.e., fewer iterations), the registration was performed in two
stages-rigid registration which accounted for gross transla-
tion and affine transformations of the tumor and organs,
followed by deformable registration, which accountedmainly
for tumor and organ deformation. For each time series, a
reference image was selected (typically at mid-inhale) and
∼15 points each on the tumor boundary and the diaphragm
were manually selected. Subsequently, the motion trajectory
of each pixel on a contour was determined from the DVFs.
The validity of using diaphragmatic motion as a surrogate for
tumor motion was examined by calculating the correlation
between the average motion trajectory of the pixels compris-
ing the diaphragm boundary with the average trajectory of
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Table 1: Summary of image acquisition parameters for rapid MRI of NSCLC patients.

Image
orientation

Acquisition
(cine-2D/4D)

Voxel size
(mm3)

FOV
(mm2)

TE/TR
(ms)

Flip angle
(deg) 𝑁avg

𝑇acq
(s)

Patient 1 Coronal cine-2D 2 × 3 × 5 240 × 240 1.70/3.41 50 1.0 0.273
Sagittal cine-2D 2 × 3 × 5 240 × 240 1.70/3.41 50 0.5 0.164

Patient 2

Coronal cine-2D 2.4 × 3 × 5 240 × 240 1.68/3.16 50 0.5 0.165
Sagittal cine-2D 2.4×3.3×5 240 × 240 1.68/3.16 50 0.5 0.152

Coronal (slab) 4D
(//accn = 4) 2.4 × 3 × 5

240 × 240

(8 slices) 1.91/3.82 50 0.5 1.561

Pt no. 1 coronal, 1 NEX
Tacq = 0.27 s

(a)

Pt no. 1 sagittal, 1/2 NEX
Tacq = 0.16 s

(b)

Pt no. 2 coronal, 1/2 NEX
Tacq = 0.17 s

(c)

Pt no. 2 sagittal, 1/2 NEX
Tacq = 0.15 s

(d)

Figure 1: (a) Coronal and (b) sagittal real time MR images acquired from Patient number 1 with an ∼40mm diameter tumor (indicated by
the arrows) in the right lower lobe. (c) Coronal and (d) sagittal real-timeMR images from Patient number 2 with an ∼60mm diameter tumor
in the left upper lobe.

the pixels comprising the tumor boundary. The presence of
complex motion such as tumor rotation and/or deformation
was tested by comparing the motion trajectory of the tumor
centroid with those of the selected points on the tumor
boundary.

3. Results and Discussion

Figure 1 shows MR images acquired from Patient number 1
(Figures 1(a) and 1(b)) and Patient number 2 (Figures 1(c)
and 1(d)).The acquisition times per image ranged from ∼0.15
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8 slices/volume, slice thickness = 5mm, Tacq= 1.5 s/vol

(a) (b)

Figure 2: (a) bSSFP, 3D acquisition with parallel imaging (accn
= 4) from Patient number 2. The arrow indicates tumor and the
icon in the right bottom corner indicates the display orientation.
(b) Surface-rendered volume of interest (red box in (a)) for four
different respiratory phases.

to 0.27 s—speeds adequate for monitoring most respiratory
motion. In each case, the tumor mass (indicated by an
arrow) can be clearly delineated against the background
of lung parenchyma. Figure 2(a) shows a frame from the
4D acquisition from Patient number 2. A surface rendered
tumor-inclusive volume-of-interest in four different respira-
tory phases is shown in Figure 2(b). Both the tumor as well
as the surrounding anatomy exhibit significant deformation
from phase to phase.

Figure 3 shows motion trajectories extracted from two
time series, one from each patient. MRI-based monitoring
overmultiple respiratory cycles yields some interesting obser-
vations. In the case of Patient number 1, there is little cycle-
to-cycle variation in the respiratory pattern, as evidenced by
the motion trajectory of the diaphragm. Furthermore, the
motion of the tumor centroid is well correlated with the
motion of the diaphragm (Figure 3(a); 𝑅2 = 0.99) indicating
that, in this case, diaphragmatic motion is an appropriate
surrogate for tumormotion. Finally, the motion of individual
points on the tumor boundary (i.e, pixels comprising the
edges of the tumor mass) is well correlated with that of the
tumor centroid (Figure 3(b); 𝑅2 = 0.9 to 1.0), indicating
the absence of any significant rotation or deformation in
the tumor mass. In the case of Patient number 2, while
the respiratory pattern is quite regular (as seen from the
motion trajectory of the diaphragm), the motion of the
tumor centroid is very poorly correlated with diaphragmatic
motion (Figure 3(c); 𝑅2 = 0.16) and shows significant
cycle-to-cycle variation. This behavior indicates that, in this
case, diaphragmatic motion is a poor surrogate for tumor
motion. Furthermore, the motion of the tumor centroid is
also relatively poorly correlated with that of individual points
on the tumor boundary (Figure 3(d); 𝑅2 = 0.56 to 0.94)
indicating the occurrence of significant rotation/deformation
of the tumor mass. The complex motion observed in Patient
number 2 is likely due to the proximity of tumor to the cardiac
wall, which almost touches the edge of the tumor (Figure 1(c))

and serves as a second actuator of motion (the first being
the diaphragm). These results demonstrate that the current
clinical practice of using the motion of the diaphragm (or
external or internal surrogates for diaphragmaticmotion) has
significant limitations when the tumor mass is located in the
proximity of other moving structures.

The goal of this work was to demonstrate the feasibil-
ity and the potential advantages of using rapid MRI as a
pretreatment image-guidance tool for lung RT. These early
results from rapid MRI of NSCLC patients show that, for
guidance-quality imaging, the inherent contrast presented
by the tumor mass and critical structures against the signal-
poor lung parenchyma enables us to sacrifice SNR in order
to achieve adequate acquisition speed to capture respiratory
motion. Furthermore, in the case of Patient number 2, we
observe that through long-term, prospective MR imaging,
one can capture spatiotemporal effects that are not captured
by 4DCT. This is due to the fact that 4DCT projections are
sorted using an external surrogate for diaphragmatic motion,
thereby implicitly assuming that a perfect correlation exists
between diaphragmatic motion and tumor motion.

The choice of a 1.5 T scanner for this work was motivated
by the fact that several lung motion investigations have been
performed at this field strength [12, 18]. Observer studies
comparing 1.5 T and 3 T scanners for lung MRI show that
there is no significant difference in overall image quality [19,
20], suggesting that the expected benefits of higher SNR at 3 T
are somewhat mitigated due to the accompanying increase in
susceptibility artifacts. Furthermore, at this initial stage, we
chose to use existing coils and sequences. As seen from the
results, while this strategy was adequate for cine-2D imaging,
very large improvements in acquisition speed are required for
truly 4DMRI.This is evidenced by the fact that, evenwith the
use of parallel acceleration = 4, the acquisition time for the 4D
time series shown in Figure 2 was ∼1.5 s/volume. Thus, there
is much room for exploration of other rapid MRI sequences
and for developing sequences specifically optimized for RT
guidance. In particular, we expect the largest improvements
in imaging speed to come from strategies based on sparse
sampling and reconstruction such as k-t Broad-use Linear
Acquisition Speed-up Technique (k-t BLAST) and its parallel
imaging version, k-t SENSitivity Encoding (k-t SENSE).

Beyond the current scope, it is expected that the infor-
mation obtained from rapid MRI (cine-2D or 4D) can be
merged with that from 3DCT or 4DCT to create a fused
pretreatment 4D image that combines the soft-tissue con-
trast and temporally dense information from MRI with the
spatial accuracy and electron density information from CT.
Admittedly, this is a nontrivial problem because one has to
account forMRI artifacts, correct for geometric distortions of
the anatomy due to the relatively narrow bore of the magnet,
and develop robust multimodality image registration tools.
Furthermore, since this was a feasibility study, the patients
were not asked to lie in the treatment position for the MRI
scan. However, for future studies which aim to fuse the MRI
with CT, patients will be required to do so. However, if these
challenges are addressed, fused 4D images would provide a
more realistic picture of the behavior of thoracic anatomy
over multiple respiratory cycles. Such guidance would enable
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Figure 3: Motion trajectories of extracted from sagittal MRI time series from Patients number 1 and number 2 (Figures 1(b) and 1(d), resp.).
((a) and (c)) Mean-subtracted motion trajectories of the tumor centroid and the dome of the diaphragm for Patient number 1 and Patient
number 2, respectively. ((b) and (d)) Trajectories of the tumor centroid and 15 points on the tumor boundary for Patient number 1 and Patient
number 2, respectively.

the development of novel 4D treatment planning paradigms
that explicitly account for effects such as baseline shifts
and changes in abdominal versus thoracic breathing. Finally,
several investigators are working on integrated MRI+linac
designs [21–23]. Online prospective 4D MRI would enable
such systems to perform real-time monitoring and, poten-
tially, real-time beam adaptation.

4. Conclusion

We have investigated the feasibility of rapid MRI as a
modality for image-based guidance in lung radiotherapy.
While the acquisition speeds of cine-2D imaging are adequate
for capturing most respiratory motion, significant further
improvements are required to achieve comparable speeds for
truly 4D MRI acquisition. Nevertheless, these early results
indicate that rapidMRI offers a highly attractive, noninvasive
imaging tool for respiratory motion management.The ability
to perform dose-free, long-term monitoring over multiple
respiratory cycles yields valuable information that is not

currently available with 4DCT. We expect that such image-
guidance will lay the groundwork for significantly better
respiratory motion management in lung radiotherapy.
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Accurate target delineation ofCT image is a critical step in radiotherapy treatment planning.This paper describes a novel strategy for
automatic contour propagation, based on deformable registration, for CT images of lung cancer. The proposed strategy starts with
a manual-delineated contour in one slice of a 3D CT image. By means of feature-based deformable registration, the initial contour
in other slices of the image can be propagated automatically, and then refined by active contour approach. Three algorithms are
employed in the strategy: the Speeded-UpRobust Features (SURF),Thin-Plate Spline (TPS), and an adapted active contour (Snake),
used to refine andmodify the initial contours. Five pulmonary cancer cases with about 400 slices and 1000 contours have been used
to verify the proposed strategy. Experiments demonstrate that the proposed strategy can improve the segmentation performance
in the pulmonary CT images. Jaccard similarity (JS) mean is about 0.88 and the maximum of Hausdorff distance (HD) is about
90%. In addition, delineation time has been considerably reduced. The proposed feature-based deformable registration method in
the automatic contour propagation improves the delineation efficiency significantly.

1. Introduction

Carcinoma of the lung is one of the most common cancers,
which has the highest mortality rate all over the world [1].
Radiotherapy is an effective option for carcinoma treatment.
How to maintain adequate sparing of the sensitive structures
is one of the biggest challenges in radiotherapy, which can
be faced by means of treatment planning [2, 3]. The precise
target delineation is an essential prerequisite for treatment
planning; this, in fact, provides dose escalation to the tumor
[4]. In the conventional radiotherapy planning, the clinical
contour delineation is manually conducted by physicians
slice by slice; however, this is a tedious and time-consuming
procedure. Consequently, some fully automatic methods on
each slice, such as the traditional water-based segmentation
and level set active contour, have been proposed. These
techniques mainly rely on local image features, such as
intensity and gradient variations. However, these methods
are unable to generate accurate target contour in absence
of distinctive local image feature, such as in the tissues of
mediastinum, hilus pulmonis, or pulmonary artery.

For target delineation of metastatic lung cancer, the hilus
pulmonis should be embraced in the lung. Some statistical
model-based approaches, such as the classical active shape
models [5] or active appearance models [6], have been pro-
posed by adding superior contour constraints in procrustes
analysis and principal component analysis. However, lung
morphology varies from patient to patient; several efforts
have been made to solve this issue by providing prior knowl-
edge by means of three-dimensional views [7–10]. For exam-
ple, Brown et al. [7] presented an automatic knowledge-based
method for segmenting chest CT datasets. Then, Zhang et al.
[8] used an anatomic pulmonary atlas, encoded with a priori
information on the pulmonary anatomy, to automatically
segment the oblique lobar fissures. Qazi et al. [9] presented
a fully automatic hybrid approach and combined deformable
registration with the model-based approach to accurately
segment normal tissues and target from head and neck CT
images. Additionally, Collins et al. [10] presented a 3Dmodel-
based segmentation method for the automatic identification
and delineation of gross anatomical structures of the human
brain. However, since these methods partially depended on
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Figure 1: Flowchart of the automatic contour propagationmethod. (a) General flowchart of the automatic contour propagation; (b) flowchart
of the automatic contour delineation between adjacent slices on (a).

a massive patient model dataset and complicated statistical
analysis, the necessary work tends to be extensive, and it
may result in potential errors arising from the reliability
of the selection of the optimal model. In addition, three-
dimensional image processing is a time-consuming proce-
dure, and its accuracy hardly reaches the two-dimensional
processing accuracy because of the deformation due to
respiratory movement. As any error at this step is systematic
and would affect the whole course of radiotherapy, manual
delineation method is required.

In this paper, a 2D contour propagation method is
proposed. Feature-based deformable registrationmethodwas
employed by using an initial manual delineated contour slice
as the prior knowledge; in this way the interaction time
compared to the fully manual delineation method can be
greatly reduced.

2. Materials and Methods

2.1. Overview of the Automatic Target Delineation. The
flowchart of the proposed automatic contour propagation
is shown in Figure 1(a). In this study, a template-based
registration method was introduced from the research of
brain functional area [11], in which a standard brain is
used as template to determine the brain functional area for
clinical cases through deformable registration. To reduce user
interaction time, one slice of the 3D CT image is manually
delineated as prior model and then other contours are
automatically and recursively delineated by using deformable
registration. As shown in Figure 1(b), the previous slice is
set as template image, and the next slice is set as target
image. The first two steps, feature points detection and
association, are conducted by Speeded-Up Robust Features
(SURF) [12]. These points contain the local features and also
keep invariant to the environment variation.Then,Thin-Plate

Figure 2: The SURF descriptor (left) and GDLOH descriptor
(right). The GDLOH regards a concentric rectangle grid different
radius and 4 in angular direction.

Spline (TPS) [13] is employed to generate the deformation
vector field (DVF) based on the displacement vectors of
associated feature points. In the fourth step, the contour
transformation is obtained from the DVF. Finally, Snake is
introduced as refinement andmodification approach to drive
the initial contours towards the desired segmented object in
the image.

2.2. Tissue Feature Detection and Association. Detection and
association of distinct tissue feature points on two images
play an important role in contour propagation [14]. SURF
detector is the accelerated version of the classical Scale-
Invariant Feature Transform (SIFT) [15], with the same
matching quality. This is considered a beneficial approach
because of its distinctive invariant features and robustness to
affine distortion, noise, and intensity changes.

With regard to the feature descriptor, an improved
version of SURF, gradient distance-location-orientation his-
togram (GDLOH) [16], is considered to be more distinctive.
GDLOH descriptor, as shown in Figure 2, contains 16 square
subregions with four principal characters: the frame center
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coordination (𝑥, 𝑦), the scale 𝜎, and the orientation 𝜃.
For each square, the Haar wavelet responses in horizontal
direction and vertical direction are computed and summed.
In this way, the histogram of 16 frames with 4 dimension
gradient vector around the center can obtain 64 dimensional
feature descriptors.

The descriptor is employed to search the best associ-
ation candidate for each feature point by identifying its
nearest neighbor in the database of points from testing
images. The nearest neighbor is defined as points’ minimum
Euclidean distance. In this method, interrelationship among
the descriptor’s elements is also considered in the distance
calculation. The expression can be defined as follows:
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more, the coordinates of the points 𝑃, 𝑄 can be confined in
10 ∗ 10 pixels according to the image rotation.

2.3. TPS Transformation. Thin-Plate Splines (TPS) were
introduced in geometric designs by Duchon [17]. This has
been widely used as deformable transformation model in
image registration. In the proposed method, TPS trans-
formation warps the template image to match the target
image pixel-by-pixel. Mathematically, this consists in an
optimization problem, in which a set of transformation
parameters transform the pixels in the template image to their
corresponding pixels in the target image.

To find the transformation matrix a TPS deformable
model𝑇(𝑋)was employed tomap an arbitrary pixel from the
template image to that on the target image [18]. The function
was defined as
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where 𝑂 represents 4 ∗ 4 matrix of zeros and 𝑈 is a
basic function 𝑈(𝑟) = √𝑟2 log 𝑟2.
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(3) The elements of 𝐿−1𝑌 can be used to define a function
𝑓(𝑢, V).

2.4. Active Contour (Snake). The above contour propagation
was based on the manual delineation and deformable regis-
tration; this could cause some potential artifacts or distortion.
Adapted active contour was proposed to solve this issue.This
model is an energy-minimizing spline guided by internal and
external forces, which are responsible for driving the contour
to the desired local minimum or pulling it towards features
such as lines or edges. Its energy function can be represented
as

𝐸

∗

snake = ∫
1

0

(𝛼

∗
𝐸cont (V (𝑠)) + 𝛽

∗
𝐸curv (V (𝑠))

+𝛾

∗
𝐸image (V (𝑠))) 𝑑𝑠,

(6)

where V(𝑠) = (𝑥(𝑠), 𝑦(𝑠)) stands for the contour parameter,
𝐸cont stands for the continuity energy, 𝐸curv stands for the
internal energy of the spline due to bend and smooth, 𝐸image
stands for the external image forces, and the three parameters
𝛼, 𝛽, and 𝛾 stand for the weight coefficient of 𝐸cont, 𝐸curv,
and 𝐸image, and they all range from 0 to 1. The optimization
of the parameters has been conducted by experiments with
3 parameters 𝛼, 𝛽, and 𝛾 equal to 0.15 ± 0.08, 0.2 ± 0.08,
and 0.85±0.06, respectively. Moreover, a band was employed
to limit the range of contour motion. According to the
experiment results, a band width of 3 to 9 pixels has been
proposed for 512 ∗ 512 lung CT image.
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Figure 3: Displacement vectors of control points generated by the TPS transformation in three axial images. The yellow points stand for the
control points, and the blue arrows stand for the displacement direction.

2.5. Case Study andEvaluation. TheCT imageswere acquired
with a GE Discovery-ST CT scanner (GE Medical System,
Milwaukee, WI, USA). The proposed method was developed
using the Insight Segmentation and Registration Toolkit
(ITK) [19] and Open Source Computer Vision (OpenCV)
[20]. ITK is an open-source and cross-platform image
processing software developed by the National Library of
Medicine. OpenCV is a library of programming functions
developed by Intel. In addition, VOLVIEW [21], PARAVIEW
[22], and The Visualization ToolKit (VTK) [23] have been
used for image visualization. The image sets for all the
patients were reconstructed with a 2.5mm slice thickness.
Each CT slice was discretized into 512∗512 pixels. About 400
slices and nearly 1000 contours were tested in the evaluation.

To quantitatively evaluate the accuracy of our method,
the Jaccard similarity (JS) [24, 25] between the automatic and
manual segmentation was calculated as follows:

JS = (
𝑆auto⋂𝑆manual
𝑆auto⋃𝑆manual

) , (7)

where 𝑆auto is the area of the autosegmentation and 𝑆manual
is the area of the manual segmentation. The value of JS is
defined from 0 to 1, where 0 indicates no overlapped regions
and 1 indicates that these two regions are the perfect overlap.
Area measures, such as JS, can give a good estimate of expert
agreement; however, they are much insensitive to boundary
errors in the segmentation. To provide additional informa-
tion, Hausdorff distance (HD) [26] between autodelineation
and the manual delineation is given for estimating mismatch
degree. HD measures the maximum and minimum distance
between two contour sets, and it can be used as metric of
similarity between two contours superimposed together.

3. Results

Figure 3 shows the displacement vectors of the control points
generated by the TPS transformation; the three images show
three different lung slices. The yellow points represent the
control points, and the blue arrows stand for the displacement
direction. At least 30 control points were obtained in each

slice; this has satisfied the requirement of the TPS transfor-
mation [27].

Normal tissue must be considered in radiotherapy plan,
whose radiation sensitivity influences the prescribed radia-
tion. In case of lung cancer, the organs at risk (OAR) mainly
include lungs and spinal cord [28]. Figure 4 shows the process
of the contour propagation and refinement, starting from the
initial manual delineation to the final automatic contour.The
three images represent a set of sequential slices. The cyan
lines represent themanual delineation, the red lines represent
the initial contour by SURF-TPS registration, and the yellow
lines represent the final contour refined by Snake. It is clear
that the yellow lines have much better consistency with the
cyan lines as compared with the red lines, especially near
the pleura. Since distribution of the pulmonary artery and
bronchia is cluttered, distinctive local features are not easily
discriminated by the fully automatic approach. Furthermore,
after the initial propagation, the JS between the reds and cyans
has reached 0.93 ± 0.08.

Figure 5 shows three lung segmented results conducted
by fully automatic methods compared with the manual
standard. Here, three classical algorithms have been chosen:
watershed, flood fill, and active contour. The active contour
used in the experiment, which has added the narrow band
constraint proposed by Mille [29], is one of the popular
extensions of the original Snake.The cyan contour represents
the manual standard delineated manually, the yellow region
in (a) is generated by flood fill algorithm, the red region
in (b) is by active contour, and the blue region in (c) is by
watershed algorithm. Notice that all three regions failed to
embrace the hilus pulmonis near the mediastinum, indicated
by the black ellipse, while our proposed method can reach
the requirement (as shown in Figure 4). In addition, as these
automatic algorithms highly depend on the initial seeds
to start the driving, the selection of the seeds should be
much more careful. In this way, it would raise potential
delineation time and risk. The JS between the segmented
region and the cyan surrounded one can only reach 0.85 ±
0.06; this value is much lower than the one found with the
proposed method. In the experiment, since active contour
and watershed algorithms, which highly rely on the intensity
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Figure 4: Process of the contour propagation and refinement, from themanual delineation to the final automatic contour.Three images stand
for three sets of sequential slices. The cyan lines stand for the manual delineation, the red lines stand for the initial contour by SURF-TPS
registration, and the yellow lines stand for the final contour refined by Snake. Yellow contours match the cyan better.

(a) (b) (c)

Figure 5: Comparison between fully automatic segmented methods and the manual delineation. The cyan contours were manual delineated
contours. (a) Flood fill algorithm (yellow); (b) active contour (red); (c) watershed algorithm (blue). The region embraced by the black ellipse
failed to be delineated by these automatic segmentations.

and seed information, do not perform well in the spinal cord
and tumor delineation, we will mainly introduce the flood fill
algorithm in the following to compare it with the results of
our proposed method.

With respect to the spinal cord, which is more sensitive
to the radiation injury, more precise delineation was needed.
Figure 6 shows three cases of delineation results obtained
from the proposed method and the flood fill method, respec-
tively. As shown in Figure 5, better results were achieved by
using flood fill method and then active contour method and
watershed method. In Figure 6, the red region is generated
by the flood fill method, the yellow contour is delineated
by our proposed method, and the cyan contour stands for
the manually delineated contour. It has been found that the
yellow contours can better fit the cyan contours as compared
to the red contours. In addition, as the intensity information
is distributed differently from slice to slice, the parameter
settings of the flood fill algorithm should be changed. For
example, the optimal local scale parameter for lung is 12 ± 2,
but for spinal cord it is reduced to 5 ± 1, which results in

some uncertainty.The JS between the red region and the cyan
surrounded region is about 0.65 ± 0.08, which is much lower
than what the yellow contains.

Figure 7 shows three cases of lung tumor segmentation
obtained from our proposed method and the flood fill
algorithm, respectively. The cyan contour represents the
manual delineation, the yellow contour is generated by our
proposed method, and the red region is generated by flood
fill algorithm.These three tumors are located on the bronchia,
hilus pulmonis, and lobe, respectively. As there is no obvious
intensity difference among the tumor, bronchia, and hilus,
the red contour tends to be more inconsistent with the cyan
contour, while the yellow contour that can better fit the cyan
contour well overcomes this problem. The JS between the
yellows and the cyan is nearly 0.88±0.5, which ismuch higher
than the JS between the reds and the cyan.

Since the contour delineation of tumor and organ at
risk (OAR) is very important for treatment planning, the
feasibility and accuracy of the proposed method should be
reliably tested. There are five lung cancer patients with over
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Figure 6: Three cases of delineation results conducted by our proposed method and the flood fill algorithm, respectively. The cyan contour
represents the manual delineation, the yellow is automatically delineated by our proposed method, and the red region is generated by flood
fill algorithm.

Figure 7: Three cases of lung tumor segmentation conducted by our proposed method and the flood fill algorithm, respectively. The tumors
are located on the bronchia, hilus pulmonis, and lobe, respectively. The cyan contour represents the manual delineation, the yellow contour
is generated by our proposed method, and the red region is generated by flood fill algorithm.

Table 1: JS comparison of five lung cancer patients by using the
proposed method and the flood fill algorithm.

Patient Target
The JS

Percentage
gainsProposed

method
Flood fill
method

Patient 1
Lung 0.9458 0.8540 9.71%
Spinal cord 0.8520 0.7018 17.63%
Tumor 0.9447 0.9334 1.20%

Patient 2
Lung 0.9544 0.8658 9.28%
Spinal cord 0.8402 0.6875 18.17%
Tumor 0.8589 0.7569 11.88%

Patient 3
Lung 0.9541 0.8320 12.80%
Spinal cord 0.8654 0.7468 13.70%
Tumor 0.9014 0.8654 3.99%

Patient 4
Lung 0.9440 0.8214 12.99%
Spinal cord 0.8598 0.7025 18.29%
Tumor 0.8958 0.6475 27.72%

Patient 5
Lung 0.9486 0.8258 12.95%
Spinal cord 0.8475 0.6732 20.57%
Tumor 0.8858 0.7854 11.33%

400 CT slices for the verification. The position and size of
the tumors differ from patient to patient. Table 1 shows the
JS by using the proposed method and the flood fill method.

For patients 1 and 3, tumors are located on the lung lobe with
much more apparent local features, while for the other three
patients, tumors are located near the pleura, bronchia, and
hilus pulmonis. Features are not apparent. It is easy to find
that the JS of the first and the third patients, obtained from
flood fill method, is much higher than that of the second,
fourth, and fifth. On the contrary, the JS obtained from the
proposed method presents small changes for all patients.
When the delineation goes to the spinal cord with efferent
nerves, the contour driven by flood fill tends to be less robust,
and the JS between it and themanual standard becomes lower.
The percentage gains of the JS between these twomethods are
also listed. The gains for lung and spinal cord remain steady
around 0.10, but for tumor, it changes greatly among different
cases. The maximum JS gain for lung, spine cord, and tumor
has reached values around 12%, 17%, and 24%, respectively.

Table 2 shows the statistical value of mean andmaximum
of HD for lung, spinal cord, and tumor, respectively. As the
tumor position and size differ from patient to patient, the
HD should be listed respectively. It is clear that the HD
improvement in lung is the biggest, reaching a value around
90%. The HD improvement in spinal cord can reach nearly
40%. On the contrary, for tumor, the HD improvements have
a different representation. Its maximum HD improvement
has, respectively, reached 90%, 45%, and 72%, according to
the different tumor location. These results can be considered
as a great progress in segmentation with no distinctive local
feature.
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Table 2: HD comparison between the proposed method and the
Flood fill method.

Target Lung Spinal
cord

Tumor
1 2 3 4 5

HD
Flood fill 54.21 6.07 3.23 9.18 2.23 20.42 6.18
Proposed 5.04 3.45 3.35 2.53 2.15 5.84 4.85
Improvement
(%) 90.70 43.16 −3.72 72.44 3.59 71.40 21.52

Mean HD
Flood fill 7.58 1.71 0.63 2.85 0.83 3.38 2.61
Proposed 0.91 0.92 0.59 1.09 0.68 1.67 1.83
Improvement
(%) 87.99 46.20 6.35 61.75 18.07 50.59 29.89

4. Discussions

In this work, a feature-based recursive deformable registra-
tion strategy was proposed. In routine clinical procedure, tar-
get volume andOAR for lung cancer aremanually delineated.
Therefore, reliable automatic contour delineation may have
a substantial impact on treatment planning. The proposed
method takes a manual delineated slice as prior knowledge
to recursively propagate the contour slice by slice. Here, the
middle slice of the whole lung has been chosen as an initial
manual delineated slice; this choice doubles the propagation
distance. The total 2D delineation time can be dramati-
cally reduced compared with the conventional 3D contour
segmentation. Since the initial propagated contour’s quality
largely depends on the similarity between two adjacent slices,
slice thickness turns to be a critical factor for autodelineation.

Feature-based deformable registration [30] is used to
propagate the contour since it contains both local and global
feature information and can overcome the low resolution
of CT image. SURF is a popular local feature detection
method, which has a good robustness to variation of the
scale, luminance, rotation, and blurring. After registration,
an adapted Snake is employed to refine and modify the
rough outline.The proposedmethod outperforms other fully
automatic segmentation algorithms, such as the classical
water-based and extensional active contour approach, as
shown in Figure 5. In the picture, it also can be seen that the
hilus pulmonis near themediastinumwas surrounded by our
autopropagated contour as shown in Figure 4.

However, the proposed method still presents some weak-
ness. For example, itmuch relies on the slice thickness. In fact,
if the thickness is set excessively large, the quality of registra-
tion would decline, directly influencing the autodelineation.
According to experiment measurements, 3mm is suggested
as the maximum thickness for achieving good performance.
The adapted Snake should be further optimized, since the
deformation still causes some instabilities. In addition, as
the influence of prior knowledge would decrease with the
propagation distance, the length of the propagation routine
becomes more and more limited. For lung delineation, the
maximum propagation distance with 20 slices has given

optimal results. All in all, the delineation time was reduced
drastically, while the accuracy remains high.

5. Conclusion

Automatic accurate target delineation plays an important
role in radiotherapy allowing escalating tumor doses without
increasing the toxicity of critical normal structures, especially
in pulmonary treatment planning. The proposed method
provides a novel approach combining the delineation expe-
rience from the physicists with high speed and reliability
from the automatic algorithm. The advantages of the pro-
posed method are as follows. Firstly, it largely reduces the
delineation time by automatic contour propagation com-
pared to manual delineation slice by slice. Secondly, the
prior knowledge is well preserved by SURF-TPS registration
increasing the accuracy of contour propagation. Thirdly, the
refinement and modification by adapted Snake are beneficial
for further precision upgrade.The proposedmethod will find
practical and useful application in clinical treatment planning
in radiotherapy.
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Purpose. An analytical and experimental study of split shape dose calculation correction by adjusting the position of the on-axis
round leaf end position is presented. We use on-axis corrected results to predict off-axis penumbra region dosimetric performance
in an intensity-modulated radiation therapy treatment planning system.Materials andMethods.The precise light-field edge position
(𝑋tang.𝑝) was derived from the on-axis 50% dose position created by using the nominal light field for geometric and mathematical
manipulation. Leaf position (𝑋mlc.𝑝) could be derived from 𝑋tang.𝑝 by defining in the treatment planning system for monitor unit
calculation. On-axis offset (correction) could be obtained from the position corresponding to 50% of the central axis dose minus
the Xmlc.𝑝 position. The off-axis 50% dose position can then be derived from the on-axis 50% dose position. Results. The monitor
unit calculation of the split shape using the on-axis rounded leaf endMLC penumbra region could provide an under-or overdose of
7.5% per millimeter without an offset correction. When using the on-axis rounded leaf end offset correction to predict the off-axis
dose, the difference between the off- and on-axis 50% dose position is within ±1.5mm. Conclusions. It is possible to achieve a dose
calculation within 0.5% error for an adjusted MLC leaf edge location in the treatment planning system with careful measurement
and an accurate on-axis offset correction. Dose calculations located at an off-axis spilt shape region should be used carefully due to
noncorrectable errors which were found to be up to 10%.

1. Introduction

Multileaf collimator (MLC) systems are available on most
commercial linear accelerators, for intensity-modulated radi-
ation therapy (IMRT) treatment techniques, and many of
these MLC systems utilize designs with rounded leaf ends to
improve the dose profile of the geometric and transmission
penumbra. The general designs of rounded leaf end MLC
systems have already been described in detail by many

researchers [1–8]. These MLC design considerations result
in differences between the MLC 50% isodose points and the
projected light-field edge locations. Before patients’ treatment
monitor units [9] are calculated by the treatment planning
system, these differences have to be corrected. Radiation
field size is defined as the lateral distance between the 50%
isodose lines at a reference depth. This definition is practi-
cally achieved [10] by a procedure called beam alignment.
The field-defining light is made to coincide with the 50%
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Figure 1: Summary of measurement procedures used in this study.

isodose lines of the radiation beam projected on a plane
perpendicular to the beam axis and at a standard source-
to-surface distance (SSD 100 cm) or source-to-axis distance
(SAD 100 cm). The position of a projected split light-field
edge and its relative radiation field edge of a rounded leaf
end MLC needs to be measured and implemented in the
computerized treatment planning system [11]. Coincidence
between the 50% dose position and the split field is limited
due to the nondivergent geometry found with curved leaf
MLC collimator systems [12]; the 50% dose position has to
be verified during MLC system acceptance.

In order to avoid under-or overdose in patients’ treat-
ment, the treatment planning system should be calibrated
precisely to 50% dose position correction when the treatment
monitor units are calculated in a split MLC situation.

However, radiation dose profile measurement of leaf
position is usually performed in the commissioning of the
MLC system on the crosshair axis. This work will illustrate
some of the specific issues that should be carefully considered
if dose calculation of a split shape associated with a rounded
leaf end MLC system with an off-axis setup is used [13].

2. Materials and Methods

This study was performed on an Elekta Precise linear acceler-
ator (Elekta, Stockholm, Sweden) with dual photon energies
of 6MV and 10MV. The photon dose calculations were
evaluated by using the Pinnacle v8.6 treatment planning
system (Philips Healthcare, Andover, MA). Dose profiles of
MLC fields were measured and the calculation results of

the treatment planning system were compared for on-axis
rounded leaf endMLC.The procedures of this study are given
in Figure 1.

All on-axis penumbra profiles were measured with a
visual light-field (nominal light-field) at an SAD of 100 cm
to determine the position receiving 50% central axis dose.
The projection of the nominal light-field at SAD 100 cm was
adopted for dose profile measurements, but the dose profile
from the nominal light-field edge could not quantitatively
determine the geometry of the tangential edge (𝑋tang,𝑝) for
the derivation of 𝑋mlc,𝑝 (planning system defined by leaf
position); therefore, the precise light-field edge (𝑋tang,𝑝) was
derived from the point corresponding to 50% of the central
axis dose by geometrical and mathematical methods using
(1) in this study. Leaf position (𝑋mlc,𝑝, the intersection of a
line from the source to the leaf tip with SAD 100 cm plane
surface in Figure 2) could then be derived from𝑋tang,𝑝. Once
𝑋mlc,𝑝 was decided, the on-axis correction “offset” could be
obtained by subtraction of the point corresponding to 50% of
the central axis dose from the position of𝑋mlc,𝑝. The off-axis
50% dose position was then derived from the on-axis 50%
dose position via the relative geometric relationship, and the
off-axis offset can be predicted for comparison with the on-
axis offset.

2.1. Geometry Specifications. All of the parameters described
below are according to our previous study [14], a light-field-
based method to adjust rounded leaf end MLC position for
split shape dose calculation correction in a radiation therapy
treatment planning system.
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(1) Nominal light-field.
(2) 𝑋tang,𝑝: light-field tangential edge position as a deci-

mal value.
(3) 𝑋mlc,𝑝: treatment planning leaf position.
(4) The 50% dose position.
(5) Direction of the MLC.
(6) Transmission penumbra.

The linear accelerators used in this study were equipped
with MLCs for IMRT dose delivery devices. Many investiga-
tors have described the design and characteristics of MLCs

[11, 12].The analytical approach for optimizing the leaf design
of an on-axisMLCassesses the relationship between the light-
field size edge position [𝑋tang,𝑝, lp in (1)] and the 50% dose
position [𝑋

𝑖
or𝑋
𝑗
, Pt
50
(lp) in (1)].

The analytical formula of the transmission penumbra
depending on leaf positionwill be presented in this section. In
Figure 3, a schematic view of a leaf from the right bank placed
at the right edge of a field is shown. If the leaf position (lp) in
the field space is known, a ray line along which irradiation
will drop to 50% of the initial irradiation can be defined.

By substitution of all variables in the previous study into
Pt
50
(lp) = 𝐹 ⋅ tan(𝛾

50
), the position of the point Pt

50
(lp) is

given in [14]

Pt
50
(lp)

= 𝐹 ⋅ tan((

(

(arctan(
𝑐 ⋅ (lp/𝑓) + 𝑅 ⋅ cos (arctan (lp/𝐹)) + (lp/𝐹) ⋅ 𝑅 ⋅ sin (arctan (lp/𝐹))

𝑐

))

−(arcsin(
√
𝑅

2
− (ln (0.5) /2 ⋅ 𝜇)2

√
𝑐

2
+ (𝑐 ⋅ (lp/𝐹) + 𝑅 ⋅ cos (arctan (lp/𝐹)) + (lp/𝐹) ⋅ 𝑅 ⋅ sin (arctan (lp/𝐹)))2

))

)

)

)

(1)

(7) Relationship of geometry and radiation position.

2.2. Measurement Devices. Radiation field size data was
measured using water phantom scans and Gafchromic films
(International Specialty Products, Wayne, NJ). A computer
controlled water phantom scanning system (PTW MP3
Water Phantom Systems, PTW-Freiburg, Germany) was used
formeasurementswith each field size. Photon diode detectors
(PTW, Freiburg, Germany, p-type 60012, 1mm active area)
were used to measure the profile in air at SAD 100 cm. Mea-
surements were alsomadewith ion chamber (0.015 cm3, Type
31016 ion chambers, PTW; Freiburg, Germany, measurement
point: 1.3mm behind the chamber tip; active cylinder length:
3.6mm; diameter: 2.9mm) at the isocentric plane with water
depths of 10 cm. The comparison of 50% dose position mea-
sured by diode in air and by chamber at water depth of 10 cm
was made for the utilization of (1) in this study. All profiles
were normalized on the central axis and were normalized at
the centre of the irradiated area. The field sizes were defined
at the 50% intensity points relative to the central value of the
profile. With the same field sizes, random measurements of
water phantom scans and Gafchromic film techniques were
performed for the comparison of multileaf collimated field
size profiles. These field sizes measured with the film agreed
with the corresponding field sizes measured with water tank
scans to be within 0.2mm. After verifying that the film
method achieved the same results as the water tank method,
film proved to be more efficient, so we chose to use the
Gafchromic film method for this study of measurements of
50% of the central axis dose.

2.3. Film Measurement

2.3.1. Film Setup. Gafchromic film was exposed to individual
rectangular fields defined by theMLC.The field sizes adopted
in this experiment were generated by the nominal field size
and were positioned at leaf positions from +20 cm with 1 cm
increments to −12 cm (cross-over central axis −12 cm). The
field size was defined at the 50% intensity points relative to
the central value of the profile.

2.3.2. FilmMeasurement and Process. The50%dose positions
were measured by Gafchromic EBT 2 film (ISP Technology,
Inc., Wayne, NJ; Log F04090901; expiry date: April 2011).
A double exposure technique [9–11, 15–17] was adopted for
these measurements. This was performed by giving each film
an initial dose of 2Gy and measuring the optical density
before experimental irradiation was applied. A variation of
2%was observed in the optical density (OD) of the films used
in the experiment due to nonuniformity in the dose response
[18–22].

Calibration was carried out to convert the raw scanner
signal into radiation dose. This was achieved by placing
5 cm solid water phantom slabs on top of the 3.0 cm by
3.0 cm film pieces with a field size of 10 cm by 10 cm and
a source-to-axis distance (SAD) of 100 cm and irradiating
them with a step size of 10 cGy in the dose range from
10 cGy to 150 cGy under an Elekta Precise medical lin-
ear accelerator machine. In this study, we used an Epson
Expression 10000XL flat-bed document scanner (US Epson,
Long Beach, CA). Film pieces were scanned using VariSoft
software (PTW, Freiburg, Germany), with the maximum
OD range and all filters and image enhancement options
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Figure 2: The geometric relationship for deriving the off-axis rounded leaf end MLC 50% dose position from the on-axis one.
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Figure 3: The comparison of offset correction of on- and off-axis
rounded leaf end MLC.

turned off. Once the scanner is turned on, it is important
to perform a preview operation in transmission mode and
then to allow the scanner to warm up for half an hour. This

operation turns on the upper lamp used for transmission
mode and allows its temperature to stabilize. The films were
scanned in the 48-bit RGB mode, with 16 bits per color,
and saved as tagged image file format (TIFF) image files.

Multiple scans are performed in order to remove the
scanner noise by subsequent averaging of the scanned images.
The first step in the protocol is to scan the unexposed pieces
of film five times. Once the five images of the unexposed
film pieces have been acquired, blank scans are taken, again
five times, over the same scanning region as the previously
acquired images with the film pieces.

In general, scanned images of irradiated films will have a
scanning region that is different from that of the unirradiated
film pieces. Therefore, to remove the defective pixels in
irradiated film images, five blank scans of the irradiated
film scanning region are done. Then the processing of the
images entails the identification of defective pixels. Since two
glass plates are in the optical pathway, in addition to the
examined films, the system can exhibit many imperfections.
This identification was performed on the resulting images
obtained by averaging five successive scans of the empty bed
for both unirradiated and irradiated film images. We found
that the percentage of faulty pixels was smaller than 0.4%.

The net OD of a point on the film is given by OD =

log
10
(𝑆

0
/𝑆), where 𝑆

0
is the background (i.e., the scanner
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signal for an unexposed film) and 𝑆 is the scanner signal for
the film at the point of interest.

2.4. Derivation of On-Axis Rounded Leaf EndMLCOffset Cor-
rection. All of the parameters described below are according
to our previous study [14].

(1) Attenuation coefficient: 𝜇.
(2) Derivation of the on-axis𝑋tang,𝑝 from the on-axis 50%

dose position.
(3) Derivation of on-axis𝑋mlc,𝑝 from on-axis𝑋tang,𝑝.
(4) The geometric derivation of𝑋mlc,𝑝.
According to our previous study [14], ∠𝜃 was determined

from𝑋tang,𝑝 as follows:

∠𝑐 + ∠𝑑 = 90∘,
∠𝑏 + ∠𝑐 = 90∘,
∠𝑏 = ∠𝑑,
∠𝑑 = ∠𝜃,
∠𝑎 = ∠𝑏,
∠𝑎 = ∠𝜃,
𝐴𝐵 = 15 cm × sin 𝜃
(𝐶𝐵 = 15 cm),
𝐴𝐷 = 15 cm − 15 cm × cos 𝜃,
𝐷𝐺 = 𝐵𝐹 − 𝐴𝐷,
𝜃


= tan−1(𝐷𝐺/33.5),

𝑋mlc.𝑝 = SSD(cm) × tan(𝜃),

𝐷𝐸= penetration thickness in MLC.
(5) Offset definition.
(6) The derivation of the off-axis 50% dose position from

the on-axis 50% dose position.
To derive the off-axis 50% dose position from the on-axis

50% dose position, the previous variables for finding position
Pt
50
(lp)are used again to derive the off-axis 50%dose position

(Pt
50,off (lp)) in Figure 3.

3. Results

3.1. Film Results. According to our previous study [14], one of
the film results of the split field is shown.Marker 1 on the film
was 30mm away from the crosshair isocentre and the MLC
edge travelled to abut the crosshair central axis ray line for
irradiation. After converting the OD to a dose distribution
on the film, the position receiving 50% of the central axis
dose was 31.38mmaway frommarker 1 instead of 30mm.The
1.38mmdiscrepancy was due to the photon transmission and
scatter effect.

3.2. On-Axis Offset Correction at an SAD of 100 cm. After the
50% dose position was measured from the size of the visual
light-field (nominal light-field), the associated quantity of
𝑋tang,𝑝 could be obtained by using (1).𝑋mlc,𝑝 could be derived
from Figure 2 by implementing 𝑋tang,𝑝, and the final offset
corrections were calculated.

3.3. Off-Axis Offset Correction and the Difference between On-
and Off-Axis Rounded Leaf End 50% Dose Positions. Figure 3
shows the rounded leaf endMLCuncorrectable off-axis offset
correction of 10MV and 6MV photon beams. This figure
shows three sets of curves of these two photon energies;
on-axis offset correction, off-axis offset correction, and the
difference of 50% dose positions between off- and on-axis
rounded leaf end MLC at an SAD of 100 cm.

4. Discussion

In order to simplify the model for the transmission penum-
bra, the source was here approximated by a point. The
coincidences of the 50% dose position measured by diode
in air and the chamber with water depth 10 cm in water
phantom support the utilization of transmission penumbra
model in (1) in this study. The precise leaf edge position of
the tangential split field (𝑋tang,𝑝) could be derived using the
measured on-axis 50% dose position from the mathematical
model and can be used to obtain the planning system
defined by leaf position (𝑋mlc,𝑝). The on-axis offset (the
50% dose position minus the planned leaf position) could
be determined for the purpose of accurate monitor unit
calculation. If the MLC rounded leaf travels close to the
central axis, the 50% dose position gains attenuation and will
be projected outside 𝑋mlc,𝑝 on 𝑋𝑗. As the MLC rounded leaf
travels away from the central axis, the 50% dose position
will be projected inside 𝑋mlc,𝑝 and gain less attenuation, as
shown by 𝑋

𝑖
. This offset adjustment can be of importance in

clinical situations of split fields to determine overdosage or
underdosage at treatment of SAD.
𝑋mlc,𝑝 was calculated by a mathematic analytical model

at (1). According to our previous study [14], it shows one of
the films in the experimental setup along with the profile
result of the split light-field edge and the position receiving
50% of the central axis dose at an SAD of 100 cm with a
10MV photon beam.Marker 1 was delineated by the jaw edge
30mm from the crosshair isocenter, and marker 2 (used for
double-checking the position setting accuracy) was 15mm
away from the centre of marker 1. Fifty percent of the central
axis dose can be found via the profile through an OD-to-dose
conversion; this moves away from the central axis toward the
MLC shadow due to side scattering of photons and electron
contributions.

This result of film measurement showed the positions
of the 80% dose and the 20% dose at 26mm and 34mm,
respectively. The width of the split field penumbra from the
80% dose to the 20% dose was approximately 8mm and
changed with the rate of dose gradient by 7.5% per mm
at an SAD of 100 cm with a 10MV photon beam. Monitor
unit calculation in the treatment planning system is decided
entirely by the selected point on the split field penumbra
curve. When the point is selected on the descending or
ascending portion between the 50% dose and the 20% dose,
or between the 80% dose and the 50% dose, the results for
monitor units will be over- or undercalculated.

The 50% dose position was larger at 10MV than at
6MV because photons have greater penetration at 10MV.
When patients treatment monitor units are calculated in a
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Table 1:This table demonstrates the derivation procedures of off-axis 50% dose position from on-axis 50% dose position of 10MV and 6MV
photon beams at an SAD of 100 cm.

1 2 3 4 5 6 7 8 9 10 11

Nominal
field size

𝛾

50
of

nominal
field

𝑀𝑚

 of
on-axis

𝑀𝑂 of
on-axis 𝑀𝑂

off
𝑀𝑚

 off
𝛾50,off Pt50,off Θ

𝑏,off
10𝑋, Pt50%,off ⋅

cos(𝜃
𝑏,off )

6𝑋, Pt50%,off ⋅

cos(𝜃
𝑏,off )

−12 −0.119 −4.018 10.081 10.625 −4.235 −0.126 −12.623 0.321 −11.977 −11.797
−11 −0.109 −3.683 10.398 10.926 −3.870 −0.115 −11.535 0.312 −10.977 −10.807
−10 −0.099 −3.347 10.719 11.232 −3.508 −0.104 −10.455 0.303 −9.977 −9.808
−9 −0.090 −3.012 11.038 11.537 −3.148 −0.094 −9.383 0.295 −8.978 −8.818
−6 −0.060 −2.006 12.010 12.470 −2.082 −0.062 −6.207 0.272 −5.978 −5.830
−5 −0.050 −1.670 12.336 12.784 −1.731 −0.052 −5.159 0.266 −4.978 −4.836
−4 −0.040 −1.335 12.669 13.106 −1.381 −0.041 −4.115 0.259 −3.978 −3.826
−3 −0.030 −0.999 12.999 13.425 −1.032 −0.031 −3.076 0.253 −2.978 −2.830
−2 −0.020 −0.664 13.332 13.748 −0.684 −0.020 −2.040 0.247 −1.978 −1.826
−1 −0.010 −0.328 13.663 14.069 −0.338 −0.010 −1.007 0.241 −0.978 −0.835
0 0.000 0.007 13.995 14.391 0.007 0.000 0.022 0.235 0.022 0.156
1 0.010 0.343 14.325 14.712 0.352 0.010 1.049 0.230 1.021 1.137
2 0.020 0.678 14.662 15.041 0.696 0.021 2.074 0.225 2.021 2.135
3 0.030 1.014 14.996 15.367 1.039 0.031 3.096 0.220 3.021 3.120
4 0.040 1.349 15.333 15.696 1.381 0.041 4.116 0.215 4.021 4.109
5 0.050 1.685 15.674 16.030 1.723 0.051 5.135 0.211 5.021 5.109
6 0.060 2.020 16.016 16.364 2.064 0.061 6.152 0.206 6.021 6.103
7 0.070 2.356 16.360 16.701 2.405 0.072 7.167 0.202 7.021 7.103
8 0.080 2.691 16.703 17.036 2.745 0.082 8.181 0.198 8.021 8.092
9 0.090 3.026 17.050 17.377 3.085 0.092 9.194 0.194 9.021 9.091
10 0.100 3.362 17.395 17.716 3.424 0.102 10.205 0.191 10.021 10.081
11 0.110 3.697 17.745 18.060 3.763 0.112 11.216 0.187 11.021 11.080
12 0.120 4.033 18.093 18.401 4.102 0.122 12.226 0.183 12.021 12.070
13 0.129 4.368 18.446 18.748 4.440 0.132 13.234 0.180 13.021 13.069
14 0.139 4.704 18.796 19.093 4.778 0.141 14.242 0.177 14.021 14.059
15 0.149 5.039 19.152 19.443 5.116 0.151 15.249 0.173 15.021 15.058
16 0.159 5.375 19.505 19.791 5.454 0.161 16.256 0.170 16.020 16.048
17 0.169 5.710 19.863 20.144 5.791 0.171 17.262 0.167 17.020 17.047
18 0.178 6.046 20.219 20.495 6.129 0.181 18.267 0.164 18.020 18.037
19 0.188 6.381 20.579 20.851 6.466 0.190 19.271 0.162 19.020 19.036
20 0.198 6.717 20.938 21.205 6.802 0.200 20.276 0.159 20.020 20.025

split field situation, the on-axis offset (50% dose position
minus 𝑋mlc,𝑝) correction should be calibrated precisely to
avoid underdosage or overdosage of patients. The calculated
monitor units for treatment will be less than the desired dose
and lead to under-dosage due to overcorrection because the
point receiving 50% of the central axis dose used for monitor
unit calculation passes through the ascending portion from
50% to 80%.The 50% point used for monitor unit calculation
passes through the descending portion from 50% to 20%,
so the underestimated output selected in this region will
lead to overcalculated monitor units and will result in over-
dosage. The 50% dose position was located outside 𝑋mlc,𝑝

(away from the source), since more attenuation leads to the
positive offset correction in the range from +8 cm to −8 cm,
whereas the negative offset correction is in the range from
−12 cm to −8 cm and from +20 cm to +8 cm because the 50%
dose position is located inside𝑋mlc,𝑝 (close to the source).

We expand the rounded leaf end right and left sides to
simulate the off-axis MLC interaction with photon beams
when leaf is at off-axis setting. Figure 3 shows the results of
off-axis offset when leaf is at the leaf tip level of 6.3745 cm off-
axis location (𝑋

𝑖,off = 6.374 cm). The𝑋
𝑖,off with a ±6.3745 cm

off-axis distance at the leaf tip level (𝑐 distance level) has the
extreme light-field size projection of ±20 cm at SAD 100 cm
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plane (since leaf width is 1 cm at SAD 100 cm, 𝑐 is 33.55 cm).
This study not only shows that the 50% dose position
created by the projection of MLC split edge shifts away from
the central axis towards MLC shadow, but also demonstrates
the same photon scatter phenomenon at off-axis distal MLC
positions. The off-axis offset of the 50% dose position is
located much further outside than the on-axis position when
the leaf position is larger than 15 cm.This deficient tangential
attenuation (off-axis 50% dose position minus on-axis 50%
dose position) leads to a trend of positive curves in the upper
right part of Figure 3.

Table 1 shows how to derive the off-axis 50%dose position
from the on-axis 50% dose position of rounded leaf endMLC
of 10 MV and 6 MV photon beams at an SAD of 100 cm.

The 50% dose position of off-axis 50% rounded leaf end
MLC could be derived from the ratio of 𝑀𝑚 off (column 6
in Table 1) and𝑀𝑂off (column 5 in Table 1) to that of𝑀𝑚
(column 3 in Table 1) and 𝑀𝑂 (column 4 in Table 1). The
angle 𝛾

50,off is then tan−1(𝑀𝑚off/c) (column 7 in Table 1),
and therefore Pt

50,off (column 8 in Table 1) is calculated by
𝐹 ⋅ tan(𝛾

50,off ). The identification field size (visualized field
size of Pt

50,off projection on MLC moving direction) of off-
axis rounded leaf endMLC is calculated by Pt

50,off ⋅ cos(𝜃𝑏,off )
(column 10 and 11 in Table 1).

We set lp to be intentional from −12 cm to −11.85 cm to
simulate leaf position to be in 1.5mm error intentionally, as
a result for 6 MV and 10 MV offset correction with value
from −0.31337 cm to −0.26369 cm, and from −0.32337 cm to
−0.27369 cm, respectively.The offset correction differences of
6MV and 10MV are around 0.5 cm (0.31337 cm–0.26369 cm
or 0.32337 cm–0.27369 cm). The rate of dose gradient is
around 7.5% per mm at an SAD of 100 cm with 10MV and
6MVphoton beams; therefor we adopt an action level for leaf
position adjustment while leaf position error is larger than
1.5mm, because this error leads to a dose calculation error
around 3.5% (7.5% divided by 2).

5. Conclusions

It is critical for high-quality radiation therapy that planned
and delivered dosemeasurements should be at an appropriate
level. In this study, we illustrate that the accumulated and
planned radiation doses may not always be in agreement for
MLC treatment fields at an SAD unless the offset is carefully
adjusted.

With careful measurement and an accurate on-axis offset
correction, it is possible to achieve dose calculation within
1.0% error for the adjusted MLC leaf edge location on-axis in
the treatment planning system.

Calibration could be performed at a certain on-axis SAD
to fit all off-axis offset corrections. We should keep in mind
that patient treatment monitor unit calculations at extremely
off-axis settings could result in significant uncorrectable
underdosage or overdosage in treatment planning dose cal-
culation.
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Deformable image registration is the spatial mapping of corresponding locations between images and can be used for important
applications in radiotherapy. Although numerous methods have attempted to register deformable medical images automatically,
such as salient-feature-based registration (SFBR), free-form deformation (FFD), and demons, no automaticmethod for registration
is perfect, and no generic automatic algorithm has shown to work properly for clinical applications due to the fact that the
deformation field is often complex and cannot be estimated well by current automatic deformable registration methods. This
paper focuses on how to revise registration results interactively for deformable image registration. We can manually revise the
transformed image locally in a hierarchical multigridmanner tomake the transformed image register well with the reference image.
Theproposedmethod is based onmultilevel B-spline to interactively revise the deformable transformation in the overlapping region
between the reference image and the transformed image. The resulting deformation controls the shape of the transformed image
and produces a nice registration or improves the registration results of other registration methods. Experimental results in clinical
medical images for adaptive radiotherapy demonstrated the effectiveness of the proposed method.

1. Introduction

Radiotherapy is an image-guided treatment, and imaging
is involved in every key step of the process. The evolution
of radiation therapy has been strongly correlated with the
development of imaging techniques [1]. The term of image-
guided radiation therapy (IGRT) is employed loosely to refer
to newly emerging techniques of radiation planning, patient
setup, and delivery procedures that integrate cutting-edge
image-based tumor definition methods, patient positioning
devices, and/or radiation delivery guiding tools. These tech-
niques combine new imaging tools, which interface with
the radiation delivery system through hardware or software,
and state-of-the-art 3D conformal radiation therapy (CRT)
or intensity modulated radiation therapy (IMRT) and allow
physicians to optimize the accuracy and precision of the
radiotherapy by adjusting the radiation beam based on the
true position of the target tumor and critical organs [2]. This
increased accuracy justifies a smaller clinical target volume to
planning target volume (CTV-PTV) margin, thus decreasing

the consequent collateral damage to the normal tissues.While
IGRT is certainly a step forward for radiation oncology, the
efficacy of these image-guided treatments depends on a treat-
ment plan optimized using these images.

One of the key questions in image guidance is how the
information is used to modify treatment. If the target and
organs at risk (OARs) can be delineated on online volumetric
images, it is possible to generate an adaptive treatment plan.
Replanning theoretically provides the highest precision and
does not need specialized hardware such as the robotic couch.
However, online replanning requires superior online image
quality, as well as fast and robust algorithms, to perform auto-
matic region-of-interest (ROI) delineation, dose calculation,
and beamlet weight optimization. Various methods are used
clinically to increase the speed of ROI delineation, including
atlas-based segmentation, ROI propagation, and deformable
image registration [3]. Deformable image registration is a
fundamental task in medical image processing due to its
potential clinical impact [4]. For instance, the advantage
of deformable image registration in adaptive radiotherapy
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is that the deformation field can be used for nonrigid dose
accumulation [5].

The process of deformable image registration consists
of establishing functional and/or spatial anatomical corre-
spondences between different images. The term deformation
is often used to denote the fact that the observed images
are associated through a nonlinear dense transformation or
spatially varying deformation model [6]. Deformable image
registration has been studied in great detail, and numerous
methods have attempted to register deformable medical
images automatically, such as salient-feature-based registra-
tion (SFBR) [7, 8], free-form deformation (FFD) [9], and
Demons [10, 11]. SFBR is a point-based registration approach
which uses salient features that are prominent and distinctive
features in the image.The features are extracted in two images
using an interest point detector and are then matched for
correspondence.The correspondent features are then used to
interpolate a nonrigid transformation using the thin-plate-
spline method [12]. In order to recover the local geometric
differences well between anatomic structures by SFBR, it is
also assumed that there are enough correspondent landmarks
in local geometric differences areas. Typically, a large number
of reliable corresponding anchor points are required for
accurate registration [13]. However, it is not often fulfilled in
clinical applications; for instance, in homogenous regions, the
feature-basedmethodmay fail when fewor no salient features
locate in these corresponding regions.TheDemons algorithm
uses image intensity values and assumes that pixels presenting
the same anatomical points on each image have the same
intensity values, and thus it is appropriate for monomodality
image registration. When the local geometric deformation is
large or images are in multimodality, the Demons algorithm
becomes difficult to handle. FFDs are one of the most com-
mon types of transformation models in medical images. The
advantage of the transformation model lies in its simplicity,
smoothness, and ability to describe local deformations with
few degrees of freedom. However, misregistration in the
difference image after such deformable registration is still
viable. The main reason for this is the limited flexibility of
deformation registration methods to describe complex local
deformations. In addition, most of the existing methods
based on energy minimization or optimization may fail in
clinical settings due to the suboptimal solutions and excessive
running time. Some recently proposed methods [14, 15]
attempted to solve the problem of deformable registration via
hierarchical subdivision. However, these methods can only
be applied formonomodality registration, and local deforma-
tions are linear and small. To the best of our knowledge, no
automatic method for registration is perfect, and no generic
automatic algorithm has shown to work properly for clinical
applications due to the fact that the deformation field is often
complex and cannot be estimated well by current automatic
deformable registration methods.

The aim of this study is to refine the deformable image
registration by manual revision for clinical applications. The
B-spline is a powerful tool formodeling 2D or 3D deformable
objects. The proposed method is based on multilevel B-
spline to interactively revise the misregistration regions by
manipulating an underlying mesh of control points in the

overlapping region between the reference image and the
transformed image in RGB color model. This paper is orga-
nized as follows. Section 2 describes material and proposed
registration refinement technique. In Section 3, we show the
experimental results on clinical images. Section 4 concludes
this paper.

2. Materials and Methods

2.1. The Framework of Interactive Multigrid Refinement Algo-
rithm. We explored digital B-splines to devise an interactive
multigrid refinement that consists of automatic process and
manual process to improve the accuracy of deformable
registration. As shown in Figure 1, the proposed framework
of multigrid refinement algorithm consists of two steps. The
first is the automatic process inwhich conventional automatic
deformation registration methods or rigid and linear trans-
formation model can be used to coarsely register deformable
images.The second is the manual process in whichmultilevel
B-splines are used in the overlapping region of the trans-
formed image and the reference image in RGB model for
manual revision. The misregistered areas are represented by
colors and the registered areas by gray level to show alignment
of the two images. If the automatic registration methods can
register deformable images well, there is no need to use the
second manual process. In clinical applications, however, the
automatic methods often do not register well. The second
step will attempt to eliminate the errors visually by manual
revision in the misregistered areas. In order to describe the
deformation field, we chose the B-splines tomodel 2D and 3D
deformations. Due to the fact that misregistered areas may be
large or small in different clinical cases, multilevel B-spline
is designed to generate control point mesh at decreasing
spacing in a coarse-to-fine manner. Misregistered areas will
be reduced coarsely by dragging control points with large
spacing mesh. As the misregistered areas are reduced, fine
control point mesh will be generated with small spacing.
Only control points in misregistered areas need to be revised
in the fine level. The process will be stopped until visually
satisfying registration results are displayed. Registration of
the revised transformed image and the reference image will
make the overlapping image in RGB model become gray. We
will illustrate the proposed technique in the next sections in
detail.

2.2. B-Splines and Local Deformation Model. As introduced
in the previous section, the goal of interactive multigrid
refinement is to reduce the local registration error of
deformable registration methods. The nature of local defor-
mation of anatomic structures can vary significantly across
patients and ages.Therefore, it is difficult to describe the local
deformation via parametric transformations, such as rigid
transformation, or affine transformation, which can capture
only the global motion of organs. Free-form deformation
based on the B-splines is a powerful tool for modeling 3D
deformation objects. However, optimization of a cost func-
tion associated with the global transformation parameters
and the local transformation parameters in the framework
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Figure 1: The framework of interactive multigrid refinement algo-
rithm.

of free-form deformation uses an iterative multiresolution
search strategy, which is often computationally expensive
and prone to local minimum. Generally, the deformation
results of free-form deformation contain errors which are
visually distinctive from corresponding difference images.
Such cases also exist in other kinds of automatic deformation
registration methods. To this end, we propose a manual
revision process to refine the local deformation model based
on multilevel B-splines. Only the misregistration areas are
revised by manipulating an underlying mesh of control
points. The revision process can be fast and efficient.

To define a local deformation model, B-splines are used
formodeling the deformation fields.The domain of the image
volume is denoted as Ω = {(𝑥, 𝑦, 𝑧) | 0 ⩽ 𝑥 < 𝑋, 0 ⩽
𝑦 < 𝑌, 0 ⩽ 𝑧 < 𝑍}. The control lattice Φ is denoted by a
mesh of control points Φ

𝑖,𝑗,𝑘
with uniform spacing overlaid

on the domain Ω. Let Φ
𝑖,𝑗,𝑘

be the 𝑖𝑗𝑘th control point on the
lattice Φ for 𝑖 = −1, 0, . . . , 𝑋 + 1, 𝑗 = −1, 0, . . . , 𝑌 + 1, and
𝑘 = −1, 0, . . . , 𝑍 + 1. The deformation function 𝑇 is defined
in terms of these control points by

𝑇 (𝑥, 𝑦, 𝑧) =
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where 0 ≤ 𝑢 ≤ 1. In general, the transformations that
result from cubic B-splines are smooth and able to describe
local deformation with few degrees of freedom. In contrast
to thin-plate spline [12] or elastic body splines [16], B-splines
are locally controlled; in particular, the basis functions of
cubic B-splines have a limited support that changing control
pointΦ

𝑖,𝑗,𝑘
affects the transformation only in the local neigh-

borhood of that control point. If any data points are added,
removed, or modified, B-splines can be computationally
efficient. This is the reason we chose B-spines for local
deformation model.

The control pointsΦ
𝑖,𝑗,𝑘

are the parameters of the B-
splines, and the degree of deformation field is essentially
dependent on the spacing of control points. A large spacing
of control points allows modeling of global deformation
with large displacement, and hence, one control point will
influence the deformation of large local areas, while a
small spacing of control points allows modeling of local
deformation within small areas. The resolution of control
point mesh generally determines the degrees of freedom.
Therefore, hierarchical B-spline refinement can be used to
refine the deformation field. We have designed a hierarchical
multiresolution B-spline refinement tool in which the resolu-
tion of control mesh is increased to revise the deformation
field in a coarse-to-fine manner. Let Φ1, Φ2, . . . , Φ𝐿 denote
hierarchical control point meshes at different spacings for
deformation revision. For each control point mesh Φ𝑖 and
its associated B-spline define a local transformation 𝑇𝑖local,
and their sum defines the overall local transformation of
deformation revision 𝑇local as

𝑇local (𝑥, 𝑦, 𝑧) =
𝐿

∑

𝑖=1

𝑇

𝑖

local (𝑥, 𝑦, 𝑧) . (3)

In this way, the overall local transformation of deforma-
tion revision is represented as a combination of B-splines
at increasing resolution of control point mesh. For those
misregistered areas, large spacing of control point mesh is
generated when misregistered areas are large. After manual
revision with related control points, the overall misregistered
areas will be reduced. In order to refine the results further,
the control point mesh is progressively refined. In this case,
the control point mesh at level 𝑖 is refined by inserting new
control points to create the control point mesh at level 𝑖 + 1.
Therefore, the control point spacing is halved at every step.
With the revision of control point at different levels, the final
deformation field will be generated to make the reference
image coincide with the transformed image.

2.3. Manual Refinement in RGB Model. In order to observe
the misregistered area between the reference image and
the transformed image well, we designed the RGB model.
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Without loss of generality, we take the case of 2D image
registration for explanation. In RGB model, the reference
image is shown in the green band, and the transformed
test image is shown in the red and blue bands of a color
image.Therefore, when the images register perfectly, all three
color bands at a pixel will have the same or similar values,
producing gray scale. In areas where the images do not
register well, the pixels will appear green or purple. Also
appearing in green or purple are occluded areas. Thus, the
misregistered areas will be displayed in green or purple in
RGB model. The manual refinement which is based on the
B-splines will revise the deformation transformation through
manipulating control points in the transformed image. With
the revision of the transformed image, the misregistered
areas would be reduced or even eliminated because the local
anatomic structures in the transformed images are revised to
be aligned with the corresponding structures in the reference
image. Meanwhile, the pixels in the misregistered areas that
appear green or purple will become gray due to overlapping
of the corresponding anatomic structures. The process of
manual revision will be stopped until satisfying results are
achieved.That is, the overlapping area in RGBmodel appears
gray.

Due to the local geometric differences from large defor-
mation or gray level change between the reference image
and the test image, it is not easy to obtain perfect reg-
istration between corresponding structures. Therefore, the
finally obtained overlapping area does not appear to be gray
everywhere. In such case, we take the distinctive edge or
salient object as the criterion for manual refinement. For
example, if a distinctive edge in the transformed image is
revised to be coincided with the corresponding edge in the
reference image in RGB model, we consider that the manual
refinement is good in such local areas around the distinctive
edge. In our experiments, there is no need to revise every
control point because the two images have been registered
coarsely by automatic deformation registration methods and
the misregistered areas are assumed to be limited. Our pro-
posed manual revision is only used to improve the coarsely
obtained registration results if the deformable registration
methods do not work well. To our knowledge, the whole
process of automatic deformable registration methods may
not be satisfactory in clinical applications if these registration
methods do not work well or if large registration errors are
visible. Our proposed method provides a means to aid the
process to be successful and allows the user to drag control
points to get a better image alignment. If the automatic
registrationmethods do notworkwell in clinical applications,
the clinicians can use our tool to efficiently revise the former
registered results directly.

To demonstrate the scheme of the manual refinement in
RGB model, lung CT images in different respiratory phases
are used for illustration. Precise targeting of lung tumors is
of great importance in conformal radiotherapy, particularly
stereotactic body radiation therapy (SBRT) for lung cancer.
The discontinuity of the sliding behavior of the lungs makes
the registration of lungs in different respiratory phases very
challenging. Figure 2 shows the lung images in inhale and
exhale phases of a patient’s 4D CT set. Due to the local

deformation of the shape of lungs, we can register the two
images by our manual revision technique. As shown in
Figure 2(c), the RGB model consists of three color com-
ponents resulting from the test image and the reference
image. Purple or green shows the misregistered area between
the two images, and the well registered area appears to be
gray. It should be noted that the two input images can be
either two unregistered images or two images that have
been previously registered, while one is the reference image
and the other is the transformed image. That is to say, the
proposed technique can be a manual registration tool, or
it can be a revision tool to improve the registration results
of other deformable registration methods by the clinician.
In the control point mesh with large spacing, the mouse
dragging of one control point will vary the local deformation
of large areas as shown in Figure 2(d). With the decreasing
of grid spacing, the revision of two or three control points
will deform the transformed image locally and makes it
align well with the reference image. The mesh grids can be
chosen by clinicians’ selection. If large misregistered areas
exist in the RGB model, mesh grids with large spacing will
be generated. Subsequently, the control point mesh will be
progressively refined for further revision until satisfactory
results are achieved.

3. Results and Discussion

3.1. Evaluation Measure. To assess the quality of the regis-
tration in images, we have calculated the mean and variance
of the squared sum of intensity differences (SSD) [9]. In
images before and after deformable registration and manual
refinement, the SSD provides an indirect measure of the
registration quality as the position of tissue changes. Since the
deformation is often local between images, we have manually
defined regions of interest (ROIs) around each image and
then registered both ROIs independently:

SSD = 1
𝑛

√
∑(𝐼 (𝑡

0
) − 𝑇 (𝐼 (𝑡)))

2

, (4)

where 𝐼(𝑡
0
) and 𝐼(𝑡) denote the intensities of the images

before and after motion and the summation includes all
voxels within the overlap of both images. In addition to using
the color model to represent misregistered areas visually, we
calculate the SSD of the transformed image and the reference
image at the same time when each step of manual revision
is done. Thus, the evaluation measure SSD can supervise
our interactive revision process in realtime. If the value of
SSD becomes larger when the clinician is revising the control
point, the moving direction of the control point should be
inverted to make SSD become small. Meanwhile, the color
of local areas in our RGB model is also the indication of
alignment. If the local areas of misregistered become small,
it is possible to reduce the stepsize to a finer grid for further
refinement.The color of local areas becomes gray if registered
well.

There are several reasons that we choose the evaluation
metric SSD. Firstly, SSD is a good metric to evaluate the
difference between two images. If two images registered well,
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Figure 2: Manual refinement in RGB model. (a) Test image, (b) reference image, (c) overlapping of test image and reference image and large
gridmesh in RGBmodel, (d)manually revise several related control points to reduce themisregistered area (purple or green), (e) progressively
refine control point mesh and (f) manually revise related control points further.

SSD should be small. On the other hand, the evaluation
metric of SSD is simple and can be calculated very fast. In
our work, the value of evaluation metric should be displayed
in realtime when the user is revising the local deformation.
That is to say, the evaluation metric should supervise the
interactive revision process. Therefore, we choose SSD for
the interactive process. Other evaluation metrics, such as
normalized correlation and mutual information, are very
common for deformable image registration. If the interactive
refinement is done, the transformed image and the reference
image can be evaluated using kinds of metrics, such as SSD,
mutual information, and normalized correlation.

3.2. Test Results. Two prostate images of the same patient
were acquired from clinical applications. These two images
contained both global and local deformations, and the
gray intensities were different as well. We chose the affine
transformation, FFD, and Demons for coarse registration,
respectively. If the two images were registered well, the
overlapping area would be in gray, and the color shows the
registration errors. As shown in Figure 3, the results of these
automatic registration methods all contained errors due to

the large local deformable variation between the two prostate
images. Affine transformation is a global mapping function
for image registration, and there were large registration errors
for deformation registration as shown in Figure 3(g). Typi-
cally, both FFDandDemons are commonly used deformation
registrationmethods, and their results weremuch better than
those of affine transformation.The color areas in overlapping
images as shown in Figures 3(h) and 3(i) were much smaller
than the color area in Figure 3(g).The contours of soft tissues
were mostly aligned well by FFD and Demons. However,
registration errors still existed around some branches of
anatomic structures between the two images.The registration
results can be improved further by our proposedmethod.Our
proposed tool will generate uniform grids from larger spacing
to smaller spacing, and the clinician can select the knot point
for mouse draggling. Then, the local area of transformed
image will be tuned with the moving of its close knots. The
process will be stopped until the color region is eliminated or
distinctive branches are almost aligned between two images
by the interactive adjustment.

The results of manual revision for affine, FFD, and
Demons deformable registration methods are shown in
Figure 4, respectively. The registration errors of affine, FFD,
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Figure 3: Registration results of affine, FFD, and Demons for two clinical prostate images. (a) Test image, (b) reference image, (c) direct
overlapping of (a) and (b) in RGBmodel, (d) transformed image from affine transformation, (e) transformed image fromFFD, (f) transformed
image from Demons, (g) overlapping of affine transformed image with the reference image, (h) overlapping of FFD transformed image with
the reference image and (i) overlapping of Demons transformed image with the reference image.

and Demons were reduced by manipulating progressively
refined control point mesh. For affine transformation, our
proposedmethod can improve results distinctively. Typically,
the registration results of FFD and Demons were remark-
ably good due to the high performance of those methods.
However, the proposed method can further improve the
registration results and reduce registration errors. From the
above experimental results, we have shown the effectiveness
of the proposed method for deformable image registration

in clinical applications. Although our given test data were
clinical CT images, other kinds of medical modality can also
be used directly. With the development of more complex
deformable registration methods, our proposed tool can
directly improve the registration results further.

3.3. Discussion. In this work, we tried to reduce deformable
registration errors in a multigrid process. Large errors are
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SSD = 0.0358 SSD = 0.0316 SSD = 0.0294

(a)

SSD = 0.0192 SSD = 0.0188 SSD = 0.0182

(b)

SSD = 0.0132 SSD = 0.0130 SSD = 0.0129

(c)

Figure 4: Registration results of manual revision of affine, FFD, and Demons for two clinical prostate images, respectively. (a) Affine, (b)
FFD and (c) Demons. The value of SSD shows the performance of registration in overlapping areas. Generally, the lower the SSD, the better
the registration results. Note that the SSD for Demons only calculates the areas of overlapping between two images.

reduced by revising control points in coarse grids, and
small errors are reduced by revising control points in fine
grids. Generally, our method is similar to multiscale image
registration [17, 18], which uses hierarchical multiscale infor-
mation to recover deformations.We usemultigrids to recover
deformation from large deformation with sparse grids to
local small deformation with fine grids, and those multiscale
registration methods are usually using images in different
scales (or resolution) for registration, and the deformation
can be recovered from global to local. However, focuses are
different between our method and those multiscale image

registrationmethods.We concentrate on how to interactively
reduce errors of deformable image registration if automatic
registration methods cannot work well or registration errors
are distinctive in clinical applications. On the other hand,
those multiscale image registration methods are trying to
register images automatically in a coarse-to-fine manner,
and their purposes are generally reducing computational
complexity of registration and making the registration more
robust and reliable.

Themanual revision processmay be tedious for clinicians
when large misregistered areas exist. That is the truth if the
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registration error is large and large areas are needed to be
revised withmore control points. In our work, the framework
of the proposed interactive multigrid refinement algorithm
consists of two steps: one is the automatic deformable
registration method and the second is the manual revision
process. We first of all assume that the automatic registration
can obtain registration results which are not too bad. That
is, the automatic deformation registration can be accurate
and reliable to make the misregistered area small in clinical
applications. Basically, some deformation registration meth-
ods, such as feature-based or intensity-based methods, can
generate good results to some extent. Unfortunately, some
areas may contain errors practically. Therefore, regions that
need to be revised are often limited or very small. Hence, we
provide the tool to quickly revise such errors in our proposed
RGB model.

In this work, the smoothness is not considered as a
metric in the interactive process which may be the limitation
of our method. In general, the local deformation of the
anatomic structures should be characterized by a smooth
transformation [9]. It is known that SSD is a “similarity”
measure, which is not the only consideration in evaluating the
performance of registration. In some registration algorithms
[9, 13], “smoothness” is also considered for the mapping
function, but this is not included in SSD. In our interactive
process, we consider how to revise the registration error
conceptually from multi-grid refinement to make images
align better under the evaluation metrics of SSD and color
model. B-spline is smooth to some extent to make sure
that the deformation field appears to be smooth. However,
the “smoothness” is not easy to be considered much in the
interactive process. Maybe we can add another metric of
smoothness in the interactive process, like (5) in [9]. How-
ever, the balance between the similarity and smoothness may
be also a problem. Therefore, the finally revised transformed
image may be accurate in similarity but not much smooth by
our proposed method due to the only use of SSD.

In addition, the evaluation metric of SSD is used for
monomodality images. Actually, correspondent features in
monomodality images are distinctive for manual revision
perceptually. Therefore, the proposed method can obtain
reliable and accurate results for monomodality image regis-
tration, which is suitable formonomodality images. However,
it may not be good and convenient for images in different
modalities because of few visual corresponding anatomic
structures. If gray scale and image contrast are very different
in multimodality images, the manual revision for further
refinement of automatic deformable image registration will
be difficult. This is also the limitation of our proposed
method. In the future, we will also consider the metric of
normalized mutual information for multimodality images in
our proposed framework.

4. Conclusions

In this paper, we propose an interactive tool for deformable
registration revision by using multigrid B-spline refinement.
This technique can be used to improve registration results of

other deformable image registration methods. Experimental
results showed that this tool could be used to model defor-
mation accurately and efficiently. The application of this tool
can be formedical image registration in clinical cases, such as
treatment planning. We believe that it will be a useful tool for
clinical applications. In the future work, we will try to register
multimodality images well using our proposed method by
extracting salient features in the transformed image and the
reference image to facilitate visualization.
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A descriptive analysis was made in terms of the related radiation induced acute and late mucositis and xerostomia along with
survival and tumor control rates (significance level at 0.016, bonferroni correction), for irradiation in head and neck carcinomas
with either 2D Radiation Therapy (2DRT) and 3D conformal (3DCRT) or Intensity Modulated Radiation Therapy (IMRT). The
mean score of grade > II xerostomia for IMRT versus 2-3D RT was 0.31 ± 0.23 and 0.56 ± 0.23, respectively (Mann Whitney,
𝑃 < 0.001).The parotid-dose for IMRT versus 2-3D RT was 29.56 ± 5.45 and 50.73 ± 6.79, respectively (MannWhitney, 𝑃 = 0.016).
The reported mean parotid-gland doses were significantly correlated with late xerostomia (spearman test, rho = 0.5013, 𝑃 < 0.001).
A trend was noted for the superiority of IMRT concerning the acute oral mucositis. The 3-year overall survival for either IMRT or
2-3DRT was 89.5% and 82.7%, respectively (𝑃 = 0.026, Kruskal-Wallis test). The mean 3-year locoregional control rate was 83.6%
(range: 70–97%) and 74.4 (range: 61–82%), respectively (𝑃 = 0.025, Kruskal-Wallis). In conclusion, no significant differences in
terms of locoregional control, overall survival and acute mucositis could be noted, while late xerostomia is definitely higher in 2-3D
RT versus IMRT. Patients with head and neck carcinoma should be referred preferably to IMRT techniques.

1. Introduction

Over the last years, radiotherapy has played a significant
role in the treatment of head and neck cancers. 74% of
head and neck cancer patients need to undergo either defini-
tive or postoperative radiation therapy [1]. The transition
from two-dimensional conventional radiotherapy (2D-RT)
to three-dimensional conformal radiotherapy (3D-CRT), in
addition to further technological evolutions in the field of
radiotherapy, led to the successful clinical implementation
of intensity modulated radiation therapy (IMRT) which
constitutes an evolution of 3D-CRT [2]. The IMRT has been
employed in clinical practice since 1995 resulting in a great
specimen of clinical results from patients undergone this

specific technique of radiotherapy [3]. The IMRT technique
gives the ability to create treatment fields with varying beam
intensity by using inverse planning and iterative optimization
algorithms [4]. The irradiation beam can be adjusted to
the irregularly shaped target volumes with extremely high
precision whilst reducing the radiation delivered to the
surrounding healthy tissue and critical structures such as
spinal cord, brain stem, parotid glands, eyes, optic nerves,
chiasma, lacrimal glands, cochlea, and mandible in case of
head and neck cancer [5–7]. The ability of delivering lower
doses of radiation to normal tissue while maintaining or
increasing the dose in the target volume makes IMRT the
most appropriate treatment option compared to 2D-RT and
3D-CRT [8–12].
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Radiation therapy causes acute and late toxicities that
affect various organs and functions. One of themost common
acute toxicities that occurs as an injury of the mucosa of
the head and neck area due to irradiation is mucositis. In
the case of late toxicity, the most common characteristic is
xerostomia where the considerable reduction of saliva leads
to persistent dryness of mouth, oral discomfort, sore throat,
dental decay, difficulty in speech, taste alteration, and impair-
ment of chewing and swallowing functions which can lead to
nutritional depletion and weight loss [13–16]. According to
the published results, IMRT technique improves the toxicity
profiles without compromising the efficacy [9, 12, 17–19].
The reduction of acute and late toxicities [8, 9, 12, 18, 20–
22] in conjunction with comparable or superior treatment
outcomes [8–10, 20, 21, 23] increases the necessity of IMRT
technique for the treatment of head and neck carcinomas.

The objective of this study is to review the already pub-
lished results and compare the efficacy and toxicity between
patients treated with conventional RT techniques (2DRT and
3DCRT) and those treatedwith IMRT technique for head and
neck carcinomas.

2. Materials and Methods

The literature was accessed through PubMed and Scopus
(March 2000–January 2013), using the terms “radiation
therapy,” “head and neck cancer,” “toxicity,” “tumor con-
trol,” and “survival.” Additional papers were identified by
cross-referencing bibliographies of retrieved articles. Tumor
control and survival outcomes for head and neck cancers
were collected from 38 studies while outcomes of acute
and late toxicity were collected from 33 studies. As far
as toxicity is concerned, two of the most common acute
and late radiation-induced morbidity were included such
as mucositis and xerostomia. The mean parotid-gland dose
was also recorded as it contributes to radiation-induced
xerostomia.The published results were categorized according
to the radiation therapy technique which was used for the
treatment of head and neck carcinomas in order to estimate
the differences in clinical outcomes.The present review study
focused mainly on hypopharyngeal, nasopharyngeal, and
oropharyngeal tumors as well as on tumors of the larynx and
the oral cavity. Furthermore, clinical outcomes for curative
reirradiation were not included in the collected data.

2.1. Statistical Analysis. The analysis included a statistical
correlation with spearman-rho nonparametric test between
either the RT technique (IMRT versus 2-3D RT) or the mean
parotid dose and the incidence of late xerostomia. For the
analysis of the differences of the doses at the parotids and
the mean score of xerostomia stratified by the RT technique,
we used the Mann-Whitney test. The potential impact of
RT technique to either survival or locoregional control rate
was evaluated with the Kruskal-Wallis test. According to
the bonferroni correction, the significance level was set at
0.016. Due to the efficient number of data concerning the
survival and locoregional control rate of the 3-year-followup,
we decided to make the analysis for the 3-year survival and

locoregional rate. The statistical analysis was performed with
the SPSS version 10 software (Chicago, IL, USA).

3. Results

According to the published data, the head and neck primary
site was as follows: oropharynx 41%, nasopharynx 37%, oral
cavity 6%, larynx/hypopharynx 15%, and other tumor site
1%. Among the studies, 2582 out of 4587 patients (56%)
received concurrent chemotherapy. In terms of radiation
therapy technique, IMRT was given to 3618 out of 4587
patients (79%) and 2-3D RT was given to 969 out of 4587
patients (21%). Definitive versus post-operative RT was given
to 3953 out of 4587 (86%) versus 633 out of 4587 (14%)
patients, respectively.

Published results on tumor control outcomes in terms of
local control (LC), regional control (RC), and locoregional
control (LRC) and also on survival outcomes in terms
of overall survival (OS), distant metastasis-free survival
(DMFS), and disease-free survival (DFS) are presented in
Table 1. Relevant data are shown according to the patient
sample, primary tumor site and stage, treatment intention,
median followup, and the percentage of patients that received
radiotherapy combined with chemotherapy. The treatment
outcomes referred to head and neck cancer patients under-
went radiotherapy either with conventional radiotherapy
techniques or IMRT. Twenty five trials with available data
were analysed in terms of overall survival and locoregional
control rate.Themean 3-year overall survival for either IMRT
or 2-3D RTwas 89.5% (range: 64–100%) and 82.7% (71–88%),
respectively.Themean 3-year locoregional control rate 83.6%
(range: 70–97%) and 74.4 (range: 61–82%), respectively. The
Kruskal-Wallis test revealed a significant (𝑃 = 0.026)
correlation of overall survival with RT technique (IMRT
either 2-3DRT), while there was also a significant impact
of IMRT technique to locoregional rate (𝑃 = 0.025).
However, according to the bonferroni correction, neither
of the above correlations was finally significant. In Table 2,
the reported acute and late toxicity rates for mucositis and
xerostomia are listed according to the median followup,
radiation therapy technique (IMRT or 2-3D RT), and the
percentage of patients that received chemotherapy combined
with radiotherapy. Few data were available for late mucositis
and acute xerostomia concerning the evaluated relevant
publications. In the same table, the mean parotid-gland
dose is also presented in order to depict the correlation
with patient-rated xerostomia. Relevant data with xerostomia
grading score and dose deposited at the parotid gland were
available in twenty published trials. As shown in Figure 1,
the spearman-rho test showed that there was a significant
correlation of late xerostomia and mean dose at the parotid
gland (rho = 0.5013, 𝑃 < 0.001). According to Figure 2, the
mean score of xerostomia for IMRT versus 2-3D RT was
0.31 ± 0.23 and 0.56 ± 0.23, respectively (Mann Whitney,
𝑃 < 0.001). The mean dose deposited in the parotid gland
for IMRT versus 2-3DRT was 29.56 ± 5.45 and 50.73 ±
6.79, respectively (Mann Whitney, 𝑃 = 0.016). By analysing
thirty five relevant publications with available data with acute
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Figure 1: Linear curve estimation for grading≥ II xerostomia related
to the mean dose of parotid gland (rho = 0.5013, 𝑃 < 0.001).
The analysis was performed from 20 published trials with relevant
available data.
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Figure 2: Comparative descriptive analysis ofmean dose to parotids
and mean xerostomia score stratified by RT technique. A significant
difference was noted between the IMRT and conventional technique
for both doses to parotids (𝑃 = 0.016) and xerostomia (𝑃 <
0.001). The related scale referring to the 𝑦-axis either right or left
is presenting the dose to the parotids and the xerostomia score,
respectively. Data were available from twenty published trials.

mucositis, after comparing themean values of acutemucositis
stratified by IMRT versus 2-3DRT, we found a mean score of
0.71±0.23 versus 0.89±0.07 (Mann-Whitney test,𝑃 = 0.022),
respectively. However, according to bonferroni correction the
difference was not significant.

At last, in Table 3 the range of tumor control and survival
rates as well as the range of the acute and late toxicities rates

(mucositis and xerostomia) is presented separately for each
radiation therapy technique (IMRT versus 2-3D RT).

4. Discussion

With the increasing use of IMRT in head and neck car-
cinomas the improvement of treatment outcomes is the
main concern. Several studies in the literature have reported
favourable treatment outcomes for patients treated with
IMRT technique [8, 9, 24, 25, 28–30, 32, 34, 37, 41, 45].
Comparable rates of LRC are observed in Table 1 among
the published studies for different radiotherapy techniques
as also comparable survival rates. The comparable LRC and
overall survival rates were also confirmed by the descriptive
statistical analysis of this study where, beyond a trend in
the superiority of IMRT, the differences between the IMRT
and 2-3D RT were finally statistically insignificant. However,
there are significant variations in tumor control and survival
outcomes which are mainly caused by differences in patient
sample, tumor stage, and followup among several studies.
Chemotherapy also plays a significant role in the variation
of clinical results. According to numerous studies, the com-
bination of chemotherapy with radiotherapy improves the
efficacy [55–58] at the cost of increased toxicity [55, 56].
In several studies, clinical results were divided according
to patients treated with definitive radiotherapy and patients
treated with postoperative radiotherapy. In the study of Chao
et al. [27], combined surgery and postoperative IMRT lead to
improved LRC and DFS compared with definitive IMRT in
patientswith oropharyngeal carcinoma. Similarly in the study
of Studer et al. [48], LC of patients who received definitive
IMRT for oral cavity cancer was substantially lower than the
LC of patients who received postoperative IMRT.

The published clinical results demonstrate equivalence or
noninferiority of IMRT in terms of tumor control or survival
in any head and neck site [8–10, 20, 21, 23] while IMRT plays a
significant role on the reduction of radiation-induced toxicity
[8, 9, 12, 18, 20–23]. According to the published data as shown
in Table 3, it seems that IMRT reduces late xerostomia down
to 2.3%. According to our descriptive analysis, themean score
of xerostomia was significantly lower in IMRT compared to
conventional radiation therapy techniques (Mann Whitney,
𝑃 < 0.001). The prevailing explanation for this inferior
toxicity related to IMRT is that the preservation of salivary
gland function itself has a protecting effect with regard to
radiation-induced oral toxicity and secondary oral infections
[59]. Although the data from Table 3 showed that IMRT
technique can achieve a reduction of acute mucositis down
to 32%, our analysis showed only a trend for the superiority
of IMRT.

The mean parotid-gland doses for patients treated with
IMRT were significantly lower compared with the mean
parotid-gland doses of patients treated with 2-3D RT (Mann
Whitney, 𝑃 = 0.016). Furthermore, a significant correlation
of late xerostomia and the mean parotid-gland dose was
found (spearman test, rho = 0.5013, 𝑃 < 0.001). Numerous
studies have also reported significant correlation between the
mean parotid dose and salivary flow after RT and the rate of
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Table 2: Published studies with either IMRT or conventional techniques. Data included concomitant chemotherapy or not, follow-up, and
radiation-induced toxicity.

Study Radiation
treatment

Concurrent
chemotherapy

No. of patients (%)

Median
followup (range)

Toxicity (≥GrII)
Mean parotid-
gland doseMucositis Xerostomia

Acute Late Acute Late
Studer et al. [24]† IMRT Yes (86%) 16mths (4–44mths) 65% — — —

Lee et al. [8] IMRT Yes 31mths (20–64mths) 66% — 66% 12%
2DRT Yes 46mths (3–93mths) 72% 65% 67%

Garden et al. [25] IMRT Yes (8%) 45mths (15–63mths) — — — — 23.9Gy
Daly et al. [26]† IMRT Yes (87%) 29mths (4–105mths) 93% — — — 33.2Gy
Chao et al. [27]† IMRT Yes (23%) 33mths (9–60mths) 86% — — 12% 18.6Gy
Huang et al. [28] IMRT Yes 33mths (3–72mths) 92% — — 34% 25.5Gy
Setton et al. [29]† IMRT Yes (88%) 36.8mths (3–135mths) 68% — 28% 29% 25.8Gy

Kwong et al. [34] IMRT No 24mths (11–42mths) 82% — — 40% (1yrs)
15% (2yrs) 38.8Gy

Wolden et al. [35] IMRT Yes (93%) 35mths (3–74mths) 32% (1yrs) 35.2 Gy

Kam et al. [36]
IMRT Yes (30%) 29mths (8–45mths) 92% 75% 23% (2yrs) 39Gy

16.7% (2yrs) 31 Gy
Lee et al. [38] IMRT Yes (65%) 31mths (6–55mths) — 22% — 33%
Lee et al. [40] IMRT Yes (75%) 31mths (7–72mths) 94% — 58%
Liu et al. [41] IMRT Yes (58%) 13.0mths (8–18mths) — 79% — 53% 37.8Gy
Luo et al. [42] 3D-CRT No 58mths (25–92mths) 74% 12% 12% 52.8Gy
Al-Mamgani
et al. [47]

IMRT +
3D-CRT Yes(28.3%) 32mths (7–172mths) 14.1% 23.6Gy

Lee et al. [50] IMRT Yes (65%) 26mths (17–58mths) 48% 3.2% 26Gy

Van Gestel et al.
[51]† IMRT

Yes
Def: 63%
Post: 23%

18.7mths (0.13–51.7mths) 100% 44%

Peponi et al. [52]† IMRT Yes (85%) 55mths Obj: 7.3 %
Sub: 3.6%

Gupta et al. [23]
3D-CRT Yes 40mths (26–50mths) 93% 53Gy
IMRT Yes (90%) 40mths (26–50mths) 77% 34.3Gy

Lambrecht et al.
[18]

3D-CRT Yes (80%) 68mths (37.2–104mths) 44% 68% 53Gy
IMRT Yes (81%) 35mths (4.7–63.5mths) 32% 23% 34Gy

Toledano et al.
[53]† IMRT Yes (37.5%) 25.3mths (0.4–72mths) ∼73% — — ∼58%

Clavel et al. [9]
IMRT Yes 42mths 75% 8% (2yrs)
2-3DRT Yes 42mths 77% 74% (2yrs)

Vergeer et al. [20]† IMRT Yes (43%) — 32% (6mths) 27Gy
3D-CRT Yes (35%) — 56% (6mths) 43Gy

Chen et al. [21]∗
IMRT Yes (9%) 44mths 87% 36%
3D-CRT Yes (2%) 44mths 89% 82%

Nutting et al. [12]† IMRT Yes (43%) 44mths 93% 71% 69% 36.5Gy
3D-CRT Yes (40%) 44mths 94% 91% 76% 61Gy

Wong et al. [33] IMRT Yes (70%) 34mths (9–50mths) 67.4% 2.3% 30Gy
Sultanem et al.
[44] IMRT Yes (91%) 21.8mths (5–49mths) 97% 28%

Su et al. [45] IMRT No 50.9mths (12–104mths) 73% 36% 15.4% (1yrs)
9.0% (2yrs) 31 Gy

Wang et al. [43] IMRT Yes (83%) 47.1mths (11–68mths) 33.3% 4.7% 12.3% (2yrs) 27.6Gy
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Table 2: Continued.

Study Radiation
treatment

Concurrent
chemotherapy

No. of patients (%)

Median
followup (range)

Toxicity (≥GrII)
Mean parotid-
gland doseMucositis Xerostomia

Acute Late Acute Late

Rades et al. [22]∗
2DRT Yes (8%) ∼90% 73%

3D-CRT Yes (23%) ∼90% 63%
IMRT Yes (6%) ∼90% 17%

Tham et al. [39] IMRT Yes 36.5mths 29% (Gr3) 3% (Gr3)
IMRT No 36.5mths 20% (Gr3)

Kim et al. [46] 3D-CRT No 48mths 57% 19%
De Arruda et al.
[32]† IMRT Yes (86%) 18mths (8.4–76mths) 92% 60% 33% 26.5Gy
∗Postoperative RT; †definitive and postoperative RT; all the rest: definitive RT.

Table 3: Synoptic table with ranges of treatment outcome and toxicity between IMRT versus conventional techniques.

RT Treatment outcome
RC LC LRC DMFS DFS OS

IMRT 85%–98% 78%–100% 70%–100% 57%–100% 57%–97.3% 63%–100%
2DRT-3DCRT 95%∗ 78%–85% 71%–93% 76.7%–98% 66%–91% 61%–95%

Acute toxicity Late toxicity
Mucositis Xerostomia Mucositis Xerostomia

IMRT 32%–100% 4.7%–75% 22%–79% 2.3%–69%
2DRT-3DCRT 44%–94% 65%–91% 12%∗ 12%–82%
∗Available data from one study only.

patients suffer from xerostomia [17, 60–66]. A typical IMRT
plan with parotid sparing technique for oral cavity carcinoma
is shown in Figure 3. Furthermore, the direct comparison
of dose volume histogram (DVH) for the right and left
parotid gland between IMRT and 3DCRT is presented in
Figure 4. The results clearly demonstrate the superiority of
IMRT technique in terms of toxicity, mainly due to parotid-
gland sparing.

In the literature, comparative studies showed differences
regarding tumor control and toxicity profiles among the
different radiotherapy techniques (IMRT versus 2-3D RT). In
a recent study, Clavel et al. [9] reported superior outcomes
(OS, DFS, and LRC) for IMRT patients treated with SIB
compared to those treated with conventional radiation ther-
apy techniques for locally advanced oropharyngeal cancer.
On the other hand, the majority of the comparative studies
demonstrate the equivalence of IMRT with the conventional
radiation therapy techniques in regard to tumor control
and survival for head and neck cancers [8, 10, 21–23]. In
the study of Lee et al. [8], comparable treatment outcomes
were observed for IMRT patients and patients treated with
2D conventional radiation therapy technique (2DRT) for
locally advanced oropharyngeal carcinoma. Local control
and survival appeared slightly superior for IMRT patients
compared to 2DRT patients but this difference was statisti-
cally insignificant. Similar findings arising for head and neck
cancers from the comparison between IMRT and 3DCRT
confirm the equivalence in treatment outcomes of IMRT

Figure 3: A typical IMRT plan with the parotid sparing technique
for a carcinoma of the oral cavity. Three PTVs were contouring:
primary site and all relevant lymph nodes as PTV1; primary site
and clinical involved lymph nodes as PTV2; primary site only as
PTV3. The technique used was integrated boost by means of 30
fractions with 1.8 Gy, 2Gy, and 2.25Gy per fraction by PTV1, PTV2,
and PTV3, respectively (ONCENTRA, treatment planning). The
isodoses shown are the 95% of the prescribed doses per PTV: 45% in
orange; 51.3% in blue; 57% in green; 64,13% in red (personal archive).

with conventional radiation therapy techniques [10, 18, 21,
23]. Rades et al. [22] compared treatments outcomes among
IMRT, 3DCRT, and 2DRT for head and neck cancer patients
treated with surgery followed by RT. Locoregional control
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Figure 4: Comparison of the right and left parotid-gland DVHs of the same head and neck cancer patient (tumor site: oral cavity) for IMRT
versus 3DCRT (3-dimensional conformal radiotherapy) technique. The arrows show the relevant DVHs for left and right parotid glands. A
and B DVHs for parotids are shifted to the left (C and D) with IMRT techniques resulting in lower doses in the parotid glands (personal
archive).

was similar for the three radiation techniques with IMRT
being slightly superior.

As far as late toxicity is concerned, comparative studies
report differences between IMRT and conventional RT
techniques regarding patient-rated xerostomia [8, 9, 12,
18, 20–23]. Specifically, they demonstrate significantly less
xerostomia for head and neck cancer patients treated with
IMRT technique than for those treated with conventional
radiotherapy techniques. In the studies of Lee et al. [8] and
Lambrecht et al. [18], similar results ofmoderate to severe late
xerostomia were observed (12% versus 67% and 23% versus
68% for IMRT and Conv RT, resp.). Clavel et al. [9] reported
significant lower xerostomia for IMRT patients compared to
those receiveing conventional radiotherapy techniques for
locally advanced oropharyngeal carcinoma (IMRT versus
conventional RT: 8%, 74%, resp.). Similarly in the study of
Rades et al. [22], IMRT is associated with less xerostomia
than 2-3D RT for head and neck cancers (17% versus 63% and
73%). Regarding acute toxicity, rates of mucositis for IMRT
and conventional RTwere reported in several studies [8, 9, 18,
20, 22, 23]. There are studies that demonstrate that patients
receiving IMRT had acute toxicity comparable with those
receiving 2-3D RT [8, 9, 21–23] while other studies reported
that more head and neck cancer patients treated with con-
ventional radiation therapy techniques suffered from acute
mucositis compared to those treated with IMRT [18, 20].

In the case that our main concern is the reduction of
xerostomia, then IMRT is the appropriate treatment option
for head and neck cancer patients. However, when the
main aspect is the tumor control or survival, we have to

mention the lack of any randomized data to support a
recommendation of IMRT over the conventional irradiation
beam techniques in any head and neck site. Moreover,
in our descriptive analysis, although there was a trend of
better treatment outcome in favor of IMRT technique, no
significant superiority was noted in terms of either overall
survival or locoregional control rate. Definitely, a prospective
randomized study comparing the two techniques stands in
need.

5. Conclusion

The main conclusion of this study is that IMRT reduces late
xerostomia compared with conventional three-dimensional
conformal radiotherapy (3D-CRT) and conventional two-
dimensional radiotherapy (2DRT). The trend of superiority
of IMRT regarding the acute mucositis as well as the overall
survival and the locoregional control should be mentioned.
However, there is an absence of a clear statistical superiority
of IMRT for the various tumor sites as far as tumor control
and survival are concerned. A prospective randomized study
exploring the potential clinical impact (treatment outcome
and radiation-induced toxicity) of IMRT versus 2-3D RT
stands in need in order to extract safe conclusions about the
definitive superiority of IMRT for tumor control as well as for
radiation morbidity. In a parallel way, a meta-analysis with
raw data from all relevant publications might also give more
definite results in terms of the final potential impact of IMRT
for either survival or acute oral mucositis. However, the trend
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of better treatment outcome in favor of IMRT deriving from
our analysis should not be underestimated.

Conflict of Interests

The authors declare that they have no conflict if interests.

References

[1] G. Delaney, S. Jacob, and M. Barton, “Estimating the optimal
radiotherapy utilization for carcinoma of the central nervous
system, thyroid carcinoma, and carcinomaof unknownprimary
origin from evidence-based clinical guidelines,” Cancer, vol.
106, no. 2, pp. 453–465, 2006.

[2] International Atomic Energy Agency, “Transition from 2-
D Radiotherapy to 3-D Conformal and Intensity Modu-
lated Radiotherapy,” Tech. Rep. IAEA-TEC-DOC-1588, IAEA,
Vienna, Austria, 2008.

[3] M. Bucci, P. Xia, N. Lee et al., “Intensity modulated radiation
therapy for carcinoma of the nasopharynx: an update of the
UCSF experience,” International Journal of Radiation Oncology,
Biology, Physics, vol. 60, pp. S317–S318, 2004.

[4] G. A. Ezzell, J. M. Galvin, D. Low et al., “Guidance document
on delivery, treatment planning, and clinical implementation
of IMRT: report of the IMRT subcommittee of the AAPM
radiation therapy committee,”Medical Physics, vol. 30, no. 8, pp.
2089–2115, 2003.

[5] C. Nutting, D. P. Dearnaley, and S. Webb, “Intensity modulated
radiation therapy: a clinical review,”British Journal of Radiology,
vol. 73, no. 869, pp. 459–469, 2000.

[6] A. Eisbruch, “Intensity-modulated radiation therapy: a clinical
perspective,” Seminars in Radiation Oncology, vol. 12, no. 3, pp.
197–198, 2002.

[7] C.-S. Chui and S. V. Spirou, “Inverse planning algorithms for
external beam radiation therapy,” Medical Dosimetry, vol. 26,
no. 2, pp. 189–197, 2001.

[8] N. Y. Lee, F. F. de Arruda, D. R. Puri et al., “A comparison
of intensity-modulated radiation therapy and concomitant
boost radiotherapy in the setting of concurrent chemotherapy
for locally advanced oropharyngeal carcinoma,” International
Journal of Radiation Oncology. Biology. Physics, vol. 66, no. 4,
pp. 966–974, 2006.

[9] S. Clavel, D. H. A. Nguyen, B. Fortin et al., “Simultaneous
integrated boost using intensity-modulated radiotherapy com-
pared with conventional radiotherapy in patients treated with
concurrent carboplatin and 5-fluorouracil for locally advanced
oropharyngeal carcinoma,” International Journal of Radiation
Oncology. Biology. Physics, vol. 82, no. 2, pp. 582–589, 2012.

[10] F.-M. Fang, C.-Y. Chien, W.-L. Tsai et al., “Quality of life and
survival outcome for patients with nasopharyngeal carcinoma
receiving three-dimensional conformal radiotherapy versus
intensity-modulated radiotherapy—a longitudinal study,” Inter-
national Journal of Radiation Oncology. Biology. Physics, vol. 72,
no. 2, pp. 356–364, 2008.

[11] A. M. Chen, B.-Q. Li, R. L. S. Jennelle et al., “Late esophageal
toxicity after radiation therapy for head and neck cancer,”Head
and Neck, vol. 32, no. 2, pp. 178–183, 2010.

[12] C. M. Nutting, J. P. Morden, K. J. Harrington et al., “Parotid-
sparing intensity modulated versus conventional radiotherapy
in head and neck cancer (PARSPORT): a phase 3 multicentre
randomised controlled trial,” The Lancet Oncology, vol. 12, no.
2, pp. 127–136, 2011.

[13] J. A. Langendijk, P. Doornaert, I. M. Verdonck-de Leeuw, C.
R. Leemans, N. K. Aaronson, and B. J. Slotman, “Impact of
late treatment-related toxicity on quality of life among patients
with head and neck cancer treated with radiotherapy,” Journal
of Clinical Oncology, vol. 26, no. 22, pp. 3770–3776, 2008.

[14] A. De Graeff, J. R. J. De Leeuw, W. J. G. Ros, G. J. Hordijk,
G. H. Blijham, and J. A. M. Winnubst, “A prospective study
on quality of life of patients with cancer of the oral cavity or
oropharynx treated with surgery with or without radiotherapy,”
Oral Oncology, vol. 35, no. 1, pp. 27–32, 1999.

[15] E. Hammerlid and C. Taft, “Health-related quality of life in
long-term head and neck cancer survivors: a comparison with
general population norms,”British Journal of Cancer, vol. 84, no.
2, pp. 149–156, 2001.

[16] E. Hammerlid, E. Silander, L. Hörnestam et al., “Health-related
quality of life three years after diagnosis of head and neck
cancer—a longitudinal study,”Head and Neck, vol. 23, no. 2, pp.
113–125, 2001.

[17] K. S. C. Chao, J. O.Deasy, J.Markman et al., “A prospective study
of salivary function sparing in patients with head-and-neck
cancers receiving intensity-modulated or three-dimensional
radiation therapy: initial results,” International Journal of Radi-
ation Oncology. Biology. Physics, vol. 49, no. 4, pp. 907–916, 2001.

[18] M. Lambrecht, D. Nevens, and S. Nuyts, “Intensity-modulated
radiotherapy versus parotid-sparing 3D conformal radiother-
apy. Effect on outcome and toxicity in locally advanced head
and neck cancer,” Strahlentherapie und Onkologie, vol. 189, no.
3, pp. 223–229.

[19] “Comparative Effectiveness and Safety of Radiotherapy Treat-
ments for Head and Neck Cancer,” no. 29, US Department of
Health and Human Services, Agency for Healthcare Research
and Quality, 2007.

[20] M. R. Vergeer, P. A. H. Doornaert, D. H. F. Rietveld, C.
R. Leemans, B. J. Slotman, and J. A. Langendijk, “Intensity-
modulated radiotherapy reduces radiation-induced morbidity
and improves health-related quality of life: results of a non-
randomized prospective study using a standardized follow-up
program,” International Journal of Radiation Oncology. Biology.
Physics, vol. 74, no. 1, pp. 1–8, 2009.

[21] W.-C. Chen, T.-Z. Hwang, W.-H. Wang et al., “Comparison
between conventional and intensity-modulated post-operative
radiotherapy for stage III and IV oral cavity cancer in terms of
treatment results and toxicity,”Oral Oncology, vol. 45, no. 6, pp.
505–510, 2009.

[22] D. Rades, F. Fehlauer, J.Wroblesky,D.Albers, S. E. Schild, andR.
Schmidt, “Prognostic factors in head-and-neck cancer patients
treated with surgery followed by intensity-modulated radio-
therapy (IMRT), 3D-conformal radiotherapy, or conventional
radiotherapy,” Oral Oncology, vol. 43, no. 6, pp. 535–543, 2007.

[23] T. Gupta, J. Agarwal, S. Jain et al., “Three-dimensional con-
formal radiotherapy (3D-CRT) versus intensity modulated
radiation therapy (IMRT) in squamous cell carcinoma of the
head and neck: a randomized controlled trial,” Radiotherapy
and Oncology, vol. 104, no. 3, pp. 343–348.

[24] G. Studer, U. M. Lütolf, and J. B. Davis, “IMRT in hypopharyn-
geal tumors,” Strahlentherapie und Onkologie, vol. 182, no. 6, pp.
331–335, 2006.

[25] A. S. Garden, W. H. Morrison, P.-F. Wong et al., “Disease-
control rates following intensity-modulated radiation therapy
for small primary oropharyngeal carcinoma,” International
Journal of Radiation Oncology. Biology. Physics, vol. 67, no. 2, pp.
438–444, 2007.



BioMed Research International 11

[26] M. E. Daly, Q.-T. Le, P. G. Maxim et al., “Intensity-modulated
radiotherapy in the treatment of oropharyngeal cancer: clinical
outcomes and patterns of failure,” International Journal of
Radiation Oncology. Biology. Physics, vol. 76, no. 5, pp. 1339–
1346, 2010.

[27] K. S. C. Chao, G. Ozyigit, A. I. Blanco et al., “Intensity-
modulated radiation therapy for oropharyngeal carcinoma:
impact of tumor volume,” International Journal of Radiation
Oncology. Biology. Physics, vol. 59, no. 1, pp. 43–50, 2004.

[28] K. Huang, P. Xia, C. Chuang et al., “Intensity-modulated
chemoradiation for treatment of stage III and IV oropharyngeal
carcinoma: the University of California-San Francisco experi-
ence,” Cancer, vol. 113, no. 3, pp. 497–507, 2008.

[29] J. Setton, N. Caria, J. Romanyshyn et al., “Intensity-modulated
radiotherapy in the treatment of oropharyngeal cancer: an
update of the memorial sloan-kettering cancer center expe-
rience,” International Journal of Radiation Oncology. Biology.
Physics, vol. 82, no. 1, pp. 291–298, 2012.

[30] G. O. Schoenfeld, R. J. Amdur, C. G. Morris et al., “Patterns
of failure and toxicity after intensity-modulated radiotherapy
for head and neck cancer,” International Journal of Radiation
Oncology. Biology. Physics, vol. 71, no. 2, pp. 377–385, 2008.

[31] G. Sanguineti, G. B. Gunn, E. J. Endres, G. Chaljub, P. Cheruvu,
and B. Parker, “Patterns of locoregional failure after exclusive
IMRT for oropharyngeal carcinoma,” International Journal of
Radiation Oncology. Biology. Physics, vol. 72, no. 3, pp. 737–746,
2008.

[32] F. F. De Arruda, D. R. Puri, J. Zhung et al., “Intensity-
modulated radiation therapy for the treatment of oropharyngeal
carcinoma: the Memorial Sloan-Kettering Cancer Center expe-
rience,” International Journal of Radiation Oncology. Biology.
Physics, vol. 64, no. 2, pp. 363–373, 2006.

[33] F. C. S.Wong, A.W. Y.Ng, V.H. F. Lee et al., “Whole-field simul-
taneous integrated-boost intensity-modulated radiotherapy for
patients with nasopharyngeal carcinoma,” International Journal
of Radiation Oncology. Biology. Physics, vol. 76, no. 1, pp. 138–
145, 2010.

[34] D. L. W. Kwong, E. H. N. Pow, J. S. T. Sham et al., “Intensity-
modulated radiotherapy for early-stage nasopharyngeal carci-
noma: a prospective study on disease control and preservation
of salivary function,”Cancer, vol. 101, no. 7, pp. 1584–1593, 2004.

[35] S. L. Wolden, W. C. Chen, D. G. Pfister, D. H. Kraus, S. L. Berry,
and M. J. Zelefsky, “Intensity-modulated radiation therapy
(IMRT) for nasopharynx cancer: update of the Memorial
Sloan-Kettering experience,” International Journal of Radiation
Oncology. Biology. Physics, vol. 64, no. 1, pp. 57–62, 2006.

[36] M. K. M. Kam, P. M. L. Teo, R. M. C. Chau et al., “Treatment
of nasopharyngeal carcinoma with intensity-modulated radio-
therapy: the Hong Kong experience,” International Journal of
Radiation Oncology. Biology. Physics, vol. 60, no. 5, pp. 1440–
1450, 2004.

[37] I. W. K. Tham, S. Lin, J. Pan, L. Han, J. J. Lu, and J. Wee,
“Intensity-modulated radiation therapy without concurrent
chemotherapy for stage IIB nasopharyngeal cancer,” American
Journal of Clinical Oncology, vol. 33, no. 3, pp. 294–299, 2010.

[38] N. Lee, J. Harris, A. S. Garden et al., “Intensity-modulated
radiation therapy with or without chemotherapy for nasopha-
ryngeal carcinoma: radiation therapy oncology group phase II
trial 0225,” Journal of Clinical Oncology, vol. 27, no. 22, pp. 3684–
3690, 2009.

[39] I. W.-K. Tham, S. W. Hee, R. M.-C. Yeo et al., “Treat-
ment of nasopharyngeal carcinoma using intensity-modulated

radiotherapy-the national cancer centre singapore experience,”
International Journal of Radiation Oncology. Biology. Physics,
vol. 75, no. 5, pp. 1481–1486, 2009.

[40] N. Lee, P. Xia, J. M. Quivey et al., “Intensity-modulated
radiotherapy in the treatment of nasopharyngeal carcinoma:
an update of the UCSF experience,” International Journal of
Radiation Oncology. Biology. Physics, vol. 53, no. 1, pp. 12–22,
2002.

[41] W.-S. Liu, M.-C. Su, M.-F. Wu, H.-C. Tseng, and H.-C. Kuo,
“Nasopharyngeal carcinoma treated with precision-oriented
radiation therapy techniques including intensity-modulated
radiotherapy: preliminary results,”Kaohsiung Journal ofMedical
Sciences, vol. 20, no. 2, pp. 49–55, 2004.

[42] W. Luo, L. Ye, Z. Yu, Z. He, F. Li, and M. Liu, “Effectiveness
of three-dimensional conformal radiotherapy for treating early
primary nasopharyngeal carcinoma,” American Journal of Clin-
ical Oncology, vol. 33, no. 6, pp. 604–608, 2010.

[43] R. Wang, F. Wu, H. Lu et al., “Definitive intensity-modulated
radiation therapy for nasopharyngeal carcinoma: long-term
outcome of a multicenter prospective study,” Journal of Cancer
Research and Clinical Oncology, vol. 139, no. 1, pp. 139–145, 2013.

[44] K. Sultanem, H.-K. Shu, P. Xia et al., “Three-dimensional
intensity-modulated radiotherapy in the treatment of nasopha-
ryngeal carcinoma: the University of California-San Francisco
experience,” International Journal of Radiation Oncology. Biol-
ogy. Physics, vol. 48, no. 3, pp. 711–722, 2000.

[45] S.-F. Su, F. Han, C. Zhao et al., “Long-term outcomes of
early-stage nasopharyngeal carcinoma patients treated with
intensity-modulated radiotherapy alone,” International Journal
of Radiation Oncology. Biology. Physics, vol. 82, no. 1, pp. 327–
333, 2012.

[46] G. E. K. Gwi Eon Kim, J. Lim, H. C. P. Hee Chul Park et al.,
“A feasibility study using three-dimensional conformal boost
technique in locally advanced carcinoma of the nasopharynx,”
Acta Oncologica, vol. 40, no. 5, pp. 582–587, 2001.

[47] A. Al-Mamgani, L. Tans, P. van Rooij, and P. C. Levendag,
“A single-institutional experience of 15 years of treating T3
laryngeal cancer with primary radiotherapy, with or without
chemotherapy,” International Journal of Radiation Oncology,
Biology, Physics, vol. 83, no. 3, pp. 1000–1006, 2012.

[48] G. Studer, R. A. Zwahlen, K. W. Graetz, B. J. Davis, and C.
Glanzmann, “IMRT in oral cavity cancer,” Radiation Oncology,
vol. 2, no. 1, article 16, 2007.

[49] M. Yao, K. Chang, G. F. Funk et al., “The failure patterns of
oral cavity squamous cell carcinoma after intensity-modulated
radiotherapy—the university of iowa experience,” International
Journal of Radiation Oncology. Biology. Physics, vol. 67, no. 5, pp.
1332–1341, 2007.

[50] N. Y. Lee, W. O’Meara, K. Chan et al., “Concurrent chemother-
apy and intensity-modulated radiotherapy for locoregionally
advanced laryngeal and hypopharyngeal cancers,” International
Journal of Radiation Oncology. Biology. Physics, vol. 69, no. 2, pp.
459–468, 2007.

[51] D. Van Gestel, D. Van Den Weyngaert, D. Schrijvers, J. Weyler,
and J. B. Vermorken, “Intensity-modulated radiotherapy in
patients with head and neck cancer: a European single-centre
experience,” British Journal of Radiology, vol. 84, no. 1000, pp.
367–374, 2011.

[52] E. Peponi, C. Glanzmann, B. Willi, G. Huber, and G. Studer,
“Dysphagia in head andneck cancer patients following intensity
modulated radiotherapy (IMRT),” Radiation Oncology, vol. 6,
no. 1, article 1, 2011.



12 BioMed Research International

[53] I. Toledano, P. Graff, A. Serre et al., “Intensity-modulated
radiotherapy in head and neck cancer: results of the prospective
study GORTEC 2004-03,” Radiotherapy and Oncology, vol. 103,
no. 1, pp. 57–62, 2012.

[54] M. Yao, K. J. Dornfeld, J. M. Buatti et al., “Intensity-
modulated radiation treatment for head-and-neck squamous
cell carcinoma—the University of Iowa experience,” Interna-
tional Journal of Radiation Oncology. Biology. Physics, vol. 63,
no. 2, pp. 410–421, 2005.

[55] A.W.M. Lee, S. Y. Tung,A. T.C.Chan et al., “Preliminary results
of a randomized study (NPC-9902 Trial) on therapeutic gain
by concurrent chemotherapy and/or accelerated fractionation
for locally advanced nasopharyngeal carcinoma,” International
Journal of Radiation Oncology. Biology. Physics, vol. 66, no. 1, pp.
142–151, 2006.

[56] A. W. M. Lee, W. H. Lau, S. Y. Tung et al., “Preliminary
results of a randomized study on therapeutic gain by con-
current chemotherapy for regionally-advanced nasopharyngeal
carcinoma: NPC-9901 trial by the Hong Kong Nasopharyngeal
Cancer Study Group,” Journal of Clinical Oncology, vol. 23, no.
28, pp. 6966–6975, 2005.

[57] M. Al-Sarraf, M. LeBlanc, P. G. S. Giri et al., “Chemoradiother-
apy versus radiotherapy in patients with advanced nasopha-
ryngeal cancer: phase III randomized Intergroup study 0099,”
Journal of Clinical Oncology, vol. 16, no. 4, pp. 1310–1317, 1998.

[58] B. Baujat, H. Audry, J. Bourhis et al., “Chemotherapy in locally
advancednasopharyngeal carcinoma: an individual patient data
meta-analysis of eight randomised trials and 1753 patients,”
International Journal of Radiation Oncology. Biology. Physics,
vol. 64, pp. 47–56, 2006.

[59] A. Vissink, F. R. Burlage, F. K. L. Spijkervet, J. Jansma, and R.
P. Coppes, “Prevention and treatment of the consequences of
head and neck radiotherapy,” Critical Reviews in Oral Biology
and Medicine, vol. 14, no. 3, pp. 213–225, 2003.

[60] A. Maes, C. Weltens, P. Flamen et al., “Preservation of parotid
function with uncomplicated conformal radiotherapy,” Radio-
therapy and Oncology, vol. 63, no. 2, pp. 203–211, 2002.

[61] A. Eisbruch, H.M. Kim, J. E. Terrell, L. H.Marsh, L. A. Dawson,
and J. A. Ship, “Xerostomia and its predictors following parotid-
sparing irradiation of head-and-neck cancer,” International
Journal of Radiation Oncology. Biology. Physics, vol. 50, no. 3,
pp. 695–704, 2001.

[62] B. S. Henson, M. R. Inglehart, A. Eisbruch, and J. A. Ship,
“Preserved salivary output and xerostomia-related quality of
life in head and neck cancer patients receiving parotid-sparing
radiotherapy,” Oral Oncology, vol. 37, no. 1, pp. 84–93, 2001.

[63] M. W. Münter, C. P. Karger, S. G. Hoffner et al., “Evaluation
of salivary gland function after treatment of head-and-neck
tumors with intensity-modulated radiotherapy by quantitative
pertechnetate scintigraphy,” International Journal of Radiation
Oncology. Biology. Physics, vol. 58, no. 1, pp. 175–184, 2004.

[64] A. I. Blanco, K. S. C. Chao, I. El Naqa et al., “Dose-volume
modeling of salivary function in patients with head-and-
neck cancer receiving radiotherapy,” International Journal of
Radiation Oncology. Biology. Physics, vol. 62, no. 4, pp. 1055–
1069, 2005.

[65] M. B. Parliament, R. A. Scrimger, S. G. Anderson et al., “Preser-
vation of oral health-related quality of life and salivary flow
rates after inverse-planned intensity-modulated radiotherapy
(IMRT) for head-and-neck cancer,” International Journal of
Radiation Oncology. Biology. Physics, vol. 58, no. 3, pp. 663–673,
2004.

[66] A. P. Jellema, P. Doornaert, B. J. Slotman, C. Rene Leemans, and
J. A. Langendijk, “Does radiation dose to the salivary glands
and oral cavity predict patient-rated xerostomia and sticky
saliva in head and neck cancer patients treated with curative
radiotherapy?” Radiotherapy and Oncology, vol. 77, no. 2, pp.
164–171, 2005.



Hindawi Publishing Corporation
BioMed Research International
Volume 2013, Article ID 657259, 6 pages
http://dx.doi.org/10.1155/2013/657259

Research Article
Effect of Adjuvant Magnetic Fields in Radiotherapy on
Non-Small-Cell Lung Cancer Cells In Vitro

Jianguo Feng,1,2 Huaying Sheng,1,2 Chihong Zhu,1,2 Hao Jiang,1 and Shenglin Ma3

1 Cancer Research Institute, Zhejiang Cancer Hospital, No. 38 Guangji Road, Hangzhou, Zhejiang 310022, China
2 Key Laboratory Diagnosis and Treatment Technology on Thoracic Oncology, Hangzhou, Zhejiang 310022, China
3Department of Oncology, Affiliated Hangzhou Hospital (Hangzhou First People’s Hospital), Nanjing Medical University,
No. 261 Huansha Road, Hangzhou 310006, China

Correspondence should be addressed to Shenglin Ma; mashenglin65@gmail.com

Received 18 April 2013; Revised 12 July 2013; Accepted 12 July 2013

Academic Editor: Maria F. Chan

Copyright © 2013 Jianguo Feng et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objectives. To explore sensitization and possible mechanisms of adjuvant magnetic fields (MFs) in radiotherapy (RT) of non-small-
cell lung cancer. Methods. Human A549 lung adenocarcinoma cells were treated with MF, RT, and combined MF-RT. Colony-
forming efficiency was calculated, cell cycle and apoptosis were measured, and changes in cell cycle- and apoptosis-related gene
expressionweremeasured bymicroarray.Results. A 0.5 T, 8Hz stationaryMF showed a duration-dependent inhibitory effect lasting
for 1–4 hours. The MF-treated groups had significantly greater cell inhibition than did controls (𝑃 < 0.05). Surviving fractions
and growth curves derived from colony-forming assay showed that the MF-only, RT-only, and MF-RT groups had inhibited cell
growth; the MF-RT group showed a synergetic effect. Microarray of A549 cells exposed for 1 hour to MF showed that 19 cell cycle-
and apoptosis-related genes had 2-fold upregulation and 40 genes had 2-fold downregulation. MF significantly arrested cells in G

2

and M phases, apparently sensitizing the cells to RT. Conclusions. MF may inhibit A549 cells and can increase their sensitivity to
RT, possibly by affecting cell cycle- and apoptosis-related signaling pathways.

1. Introduction

Lung cancer is a commonmalignant tumor, and its incidence
is rapidly growing: 64% of patients with non-small-cell
lung cancer (NSCLC) need radiotherapy (RT); 45% of these
patients receive primary RT. Although RT and chemotherapy
together have better therapeutic effects, patients often cannot
tolerate the toxicity and side effects of the combination.
Optimizing treatment result is therefore critical.

Magnetic fields (MFs) are biologically effective, and their
effect on tumors has been studied since the 1970s [1–5].
Although the mechanism of how MFs affect tumors is
unclear, they have been shown to inhibit cancer cell growth
and induce apoptosis. Magnetic fields influence charged
particles. As such, they interfere with interactions among
molecules and electrons in cells and possibly harm cellular
functions such as DNA synthesis, thereby inhibiting cancer
cell division and growth [6]. Zhang et al. reported that
a 3Hz/picosecond electromagnetic pulse can apparently

inhibit growth of cervical carcinoma Hela cells by raising
intercellular Ca2+ concentration, inducing apoptosis, and
increasing Bax protein expression while decreasing Bcl-2
expression (thus significantly increasing the Bax/Bcl-2 ratio)
[7]. Lu et al. applied a low-frequency electromagnetic field
on BEL-7402 hepatoma cells and found that expression of
SODD and Survivin genes was significantly downregulated
[8]. Wei et al. studied effects of rotational MFs combined
with 5-fluorouracil (5-FU) on cell cycle and apoptosis in
SP2/0 mouse myeloma cells, and found the S phase ratio
was increased [9]. Magnetic fields alone cannot induce cell
apoptosis, but they can sensitize cells to 5-FU toxicity, thus
facilitating 5-FU-induced apoptosis. Liu et al. claimed that
strong magnetic pulses significantly inhibited growth and
exacerbated apoptosis in BIU-87 bladder carcinoma cells
[10]. Pan et al. used microarray to measure and analyze the
apoptosis-related gene-expression profile in MF-processed
BEL-7402 hepatoma cells and L-02 fetus liver cells [11].
Electromagnetic field-processed cells upregulated expression
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Table 1: Inhibition rates under different magnetic field durations.

Magnetic field duration (h) Absorbance (OD value) Inhibition rate (%)
Control 1.120 ± 0.089 0.0
1 h 1.032 ± 0.059 7.9
2 h 1.025 ± 0.065 8.5
3 h 0.990 ± 0.087 11.6
4 h 0.985 ± 0.098 12.1

of apoptosis-inducing genes and downregulated expression
of apoptosis-inhibiting genes. Han et al. used pulse MFs to
study drug resistance inHL60/ADR leukemia cells [12]. Pulse
MFs could downregulate MRP1 gene and protein expression,
while increasing accumulation of cellular Rg123, and reverse
multidrug resistance in leukemia cells.

Preliminary research showed that MFs, alone or together
with chemotherapy, can inhibit tumor cell proliferation.
However, few studies of MFs combined with RT in lung
cancer are reported. We hypothesized that cell-cycle changes
induced by MFs sensitize lung cancer cells to radiation. In
this study, we designed experiments to measure the effect
of adjuvant MFs in chemotherapy on colony formation, cell
cycle, and apoptosis in A549 cells. Microarray was employed
to elucidate the molecular and cellular mechanisms.

2. Materials and Methods

2.1. Cell Lines and Reagents. Lung adenocarcinoma cell line
A549 was provided by Zhejiang Cancer Hospital. Cells were
cultured in RPMI1640 media with 10% bovine serum and
kept in an incubator at 5% CO

2
and 37∘C to promote growth.

RPMI1640 was purchased from Gibco-BRL; bovine serum
was purchased from HyClon.

2.2. Magnetic Field Duration and Radiation Dose. The inhi-
bition rate was estimated by MTT assay to determine the
duration of the MF effect. Using earlier research [13], 4Gy
was chosen as the radiation dose. Cells were transferred into
96-well plates at 500 cells/well and cultured for 24 hours.
Four 8-well groups of cells were exposed to 0.5 T stationary
MFs for 1, 2, 3, or 4 hours. After 48 hours, 20𝜇L 5mg/mL
MTT was added into each well. After culturing for another
4 hours, supernatant was disposed, and 200𝜇L was added
into eachwell. After another 30minutes, when brown crystals
were completely dissolved, absorbance (AB) of each well
was measured by enzyme-linked immunosorbent assay with
550 nm absorption wavelength. Inhibition rate of cell growth
was calculated as [(Experimental AB − background control
AB)/(Control AB − background control AB)] × 100%.

2.3. Colony-Forming and Surviving Curve Assay. Cells in log-
arithmic growth phase were digested into single-cell suspen-
sions which were diluted and transferred into 6-well plates
with 400 cells per well. After 24-hour adherent culturing, all
cells were divided into 12 groups, each consisting of one plate
of cells: one control group, five RT-only groups (2, 4, 6, 8, or
10Gy), one MF-alone group (0.5 T, 8Hz for 1 hour), and five

MF-RT combination groups (0.5 T, 8Hz for 1 hour; plus 2, 4,
6, 8, or 10Gy). Colonies were counted after 10-hour culture.
Colony-forming efficiency (CE) and surviving fraction (SF)
were calculated with the following equations:

CE = Colonies observed
Number of cells plated

,

SF =
CE of treated group
CE of control group

.

(1)

Survival curves were drawn using multitarget single-hit
models and linear quadratic models with SigmaPlot 10.0
software.

2.4. Superarray Gene Chip Assay. Cells at logarithmic growth
phase were digested into single-cell suspensions, which were
diluted and transferred into 75mL culture flasks with 1 × 105
cells per flask. After 24-hour adherent culturing, three flasks
of cells were exposed to 0.5 T, 8Hz MF for 1 hour, and three
bottles of cells were used as controls. After another 24 hours
of culturing, RNA was extracted for gene chip assays for each
group.

2.5. Cell Cycle and Apoptosis Assay. Cells in logarithmic
growth phase were digested into single cell suspensions,
which were diluted and transferred into 25mL culture flasks
with 5 × 104 cells per flask. Cells were randomly divided
into four groups: controls, MF-only group (0.5 T), RT-only
group (4Gy), and combination group (0.5 T + 4Gy). Each
group provided three parallel flasks for collection at 24, 48,
and 72 hours separately. Cell cycle and apoptosis rates were
measured by flow cytometry with an ABC cell cycle kit (BD
Biosciences) and anAnnexin V-FITC apoptosis detection kit.

2.6. Data Analysis. SPSS 11.0 software was used for statistical
analysis.Measurement data are expressed asmean± standard
deviation. Different groups were compared using one-way
ANOVA. 𝑃 < 0.05 was considered statistically significant.

3. Results

3.1. Inhibition Rates under Different Magnetic Field Durations
Measured with MTT Assay. The inhibitory effect of a 0.5 T,
8Hz stationary MF lasts for 1–4 hours, in a duration-
dependent manner (Table 1). Although the inhibitory effect
did not significantly differwithmagnetic duration (𝑃 > 0.05),
MF-treated groups had significantly greater cell inhibition
than the control group (𝑃 < 0.05).
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Table 2: Upregulated genes in A549 after 1-hour exposure to MF.

Position Genebank Gene name Fold change
138 NM 003824 FADD 5.64
278 NM 006297 XRCC1 4.32
89 NM 001260 CDK8 3.42
225 NM 003839 Rank 3.11
199 NM 000963 Cox-2 2.87
261 NM 003300 CRAF1 2.81
236 NM 000043 Fas/Apo-1/CD95 2.56
227 NM 003790 DR3/Apo3 2.52
63 NM 053056 Cyclin D1 2.48
62 NM 005190 Cyclin C 2.45
244 NM 003809 TNFSF12/APO3L 2.37
43 NM 003723 Caspase 13 2.26
44 NM 012114 Caspase 14 2.14
58 NM 003914 Cyclin A1 2.12
182 NM 002392 Mdm2 2.08
61 NM 004701 Cyclin B2 2.08
70 NM 004354 Cyclin G2 2.05
48 NM 004347 Caspase-5 2.03
64 NM 001759 Cyclin D2 2.00

3.2. Colony-Forming Efficiency and Surviving Curve. The
colony-forming assay showed that, for RT-only groups at 2,
4, 6, 8, and 10Gy, the CEs were 16.4%, 13.2%, 10.2%, 7.1%,
and 1.2%, respectively; SFs were 0.77, 0.62, 0.48, 0.33, and
0.24, respectively. For MF-RT combined groups at 2, 4, 6,
8, and 10Gy, CEs were 13.7%, 8.1%, 3.3%, 1.3%, and 0.4%,
respectively, and SFs were 0.64, 0.38, 0.15, 0.06, and 0.02,
respectively. Cell survival decreased significantly (𝑃 < 0.05)
with increasing RT dose in both RT groups and combination
groups. Among groups with the same RT dose, the group
with adjuvant MFs had a significantly smaller SF (𝑃 < 0.05),
which suggests that A549 cells are more sensitive to RT
with adjuvant MFs application. Survival curves are shown in
Figure 1.

3.3. Gene Chip Assay. The microarray showed that after 1-
hour exposure to MFs, 19 cell cycle- and apoptosis-related
genes in the A549 cells had 2-fold upregulation, and 40
genes had 2-fold downregulation (Tables 2 and 3). In partic-
ular, TNFRSF21 and CASPASE had significant upregulation,
whereas expressions of ATM, p53, p57, p21, p27, TNFSF12,
TNFRSF10D, BAG4, BCL2L2, Mdn2, and XRCC1–5 were
downregulated.

3.4. The Alternation of Cell Cycle and Apoptosis. Flow cytom-
etry results showed that the MF-only group had G

2
-M phase

arrest. Percentages of MF-only cells at G
2
-M were 24.2% for

collection at 24 hours, 28.4% at 48, hours and 18.5% at 72
hours—all significantly different from the control group.The
MF-only group showed no significant difference in apoptosis
index compared with the control group. Both the RT-only
group and theMF-RT combination group showed significant
apoptosis; however, the apoptosis index of combination
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Figure 1: Cell survival rate after treatment with different dose of
radiotherapy.

group was 34.6 for collection after 24 hours, which was
significantly higher than that of the RT-only group (Figure 2).

4. Discussion

Repair of DNA double-strand breaks (DSBs) and cell-cycle
regulation are two important factors that influence RT sen-
sitivity of cells. ATM plays a very important role in DSB



4 BioMed Research International

Table 3: Downregulated genes in A549 after 1-hour exposure to MF.

Position Genebank Gene name Fold change
228 NM 003820 TNFRSF14 0.03
246 NM 006573 TNFSF13B 0.09
264 NM 004620 TRAF6 0.12
96 NM 001800 p19-INK4D 0.14
232 NM 001066 TNFR2/p75 0.15
86 NM 000075 Cdk4 0.17
90 NM 000389 P21/Waf1/CIP1 0.18
221 NM 003844 TRAIL-R/DR4 0.20
88 NM 001799 CDK7 0.21
128 NM 001950 E2F-4 0.21
229 NM 001192 TNFRSF17 0.22
76 NM 004358 CDC25B 0.23
127 NM 001949 E2F-3 0.23
282 NM 021141 KU80 0.26
130 NM 001952 E2F-6 0.27
135 NM 005236 XPF 0.33
204 NM 000321 Rb 0.34
114 NM 000499 CYP1A1 0.34
262 NM 004295 TRAF-4 0.35
122 NM 004402 DFF40/CPAN 0.36
26 NM 004050 Bcl-w 0.38
279 NM 005431 XRCC2 0.41
7 NM 000051 ATM 0.41
17 NM 001188 Bak 0.41
132 NM 001983 ERCC1 0.42
22 NM 000633 Bcl-2 0.42
208 NM 003804 RIP 0.43
126 NM 004091 E2F-2 0.43
142 NM 001924 GADD45 0.44
91 NM 004064 p27Kip1 0.44
71 NM 001239 Cyclin H 0.45
27 NM 005178 BCL-3 0.45
281 NM 003401 XRCC4 0.46
256 NM 000546 p53 0.46
129 NM 001951 E2F-5 0.48
242 NM 003810 TRAIL 0.48
125 NM 005225 E2F 0.48
240 NM 001561 4-1BB 0.49
224 NM 003840 TRAIL-R4/DcR2 0.49
220 NM 000594 TNFA 0.50

repair and cell cycle regulation signaling pathways. ATM
activates theG

1
-S checkpoint by activating p53 and p21 genes;

it activates S phase and G
2
-M checkpoints by activating

the chk1, chk2, cdc25, and cdc2 genes [14]. When ATM
expression is deficient or decreased, cell cycle checkpoints are
dysfunctional, and cell cycle arrest is hindered. Thus, ATM
expression and activity are related to RT sensitivity of cells
[15]. In a study of sensitivity of nasopharyngeal carcinoma cell
CNE-1 to RT, Hui et al. found that an RT sensitizing agent,
UCN-01, works by weakening the cell’s self-repair capability,

and UCN-01 can only sensitize cells with p53 deficiency.
Cyclin-dependent kinase inhibitor 1C (CDKN1C; p57, Kip2),
which belongs to Cip/Kip family, can inhibit multiple G

1

cyclin/Cdk complexes and induce G
1
arrest, thus inhibiting

cell proliferation. CDKN1A (p21, Cip1) can inhibit CDK2 or
CDK4 complexes and regulate the cell cycle. CDKN1A is reg-
ulated by p53 and can arrest cell in G

1
phase under activating

circumstances. CDKN1B (p27, Kip1), which encodes a CDK-
inhibitor protein, can inhibit activation of cyclin E/CDK2
or cyclin D/CDK4 complexes and arrest the G

1
phase as
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Figure 2: Changes in cell cycle and apoptosis.

well. TNFSF12, which belongs to TNF superfamily, can
combine with the FN14/TWEAKR cytokine receptor, thus
inducing apoptosis throughmultiple cell death pathways, and
promote endothelial cell proliferation and migration (which
are related to angiogenesis). TNFRSF21, whose functional
domain activates the NF-𝜅B andMAPK8/JNK pathways, also
induces apoptosis. However, TNFRSF10D does not induce
apoptosis and has been shown to play an inhibitory role
in TRAIL-induced cell apoptosis. BAG4 is a member of
the BAG1-related protein family. BAG4 is an antiapoptosis
protein; it can interact with multiple apoptosis- and cell
growth-related proteins, including BCL-2, Raf kinase, steroid

receptor, growth factor receptor, and heat shock protein; it
combines with TNFR1 and death receptor 3 to negatively
regulate the downstream death signaling pathway. BCL2L2
belongs to the bcl-2 family; its expression induces apoptosis
under cellular toxic environment. Mdn2 protein combines
with and deactivates p53 and RB proteins, and it negatively
regulates the p53 gene. X-ray repair cross-complementing
gene (XRCC) is a major mediator of mammalian gene repair
[16]. XRCC1, XPD, and XRCC3 proteins are the important
components of BER, NER, and DSBR, respectively. XRCC1
repairs DNA single-strand breaks, induced by RT or alky-
lation agents, and works with DNA ligase III, polymerase
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beta, and poly(ADP-ribose) polymerase, involved in the BER
pathway. XRCC2 and XRCC3 mediate RecA/Rad51-related
proteins involved in homologous recombination to maintain
chromosome stability and repair of double-strand breaks in
DNA damage.

The gene chip results showed that, after MF exposure
of A549 cells, the apoptosis-inducing gene TNFRSF21 was
upregulated, as were several other apoptosis-related genes
(e.g., ATM, p53, p57, p21, p27, TNFSF12, TNFRSF10D,
BAG4, BCL2L2, Mdn2, and XRCC1–5). The upregulation of
TNFRSF21 activated NF-𝜅B and APK8/JNK pathways and
induced apoptosis. Cellular sensitivity to RT is related to
apoptosis rate [17]; higher apoptosis levels indicate higher
sensitivity to RT, and rapidly apoptotic cells aremore sensitive
to RT. Conversely, downregulation of ATM and p53 increases
apoptosis; downregulation of p57, p21, and p27 weakens cell-
cycle arresting function, thus inducing apoptosis; downregu-
lation of antiapoptotic genes (TNFSF12, TNFRSF10D, BAG4,
BCL2L2, andMdn2) also induces apoptosis. Downregulation
of XRCC1–5 also weakens DNA repair function, thus leading
to cell death and weakened proliferative capacity.

Our study showed that, for a 0.5 T, 8Hz stationary MF,
duration had no significant effect (𝑃 > 0.05); however, groups
treated with MF had significantly greater cell inhibition than
controls (𝑃 > 0.05). The surviving fraction and growth curve
derived from the colony-forming assay showed that MF-
only, 4Gy RT-only and the MF-RT combination groups had
inhibited cell growth; the combination group in particular
showed a synergetic effect (𝑃 > 0.01).Themicroarray showed
that after A549 cells were exposed for 1 hour to MFs, 19 cell
cycle- and apoptosis-related genes had 2-fold upregulation,
especially TNFRSF21 and CASPASE, and 40 genes, including
ATM, p53, p57, p21, p27, TNFSF12, TNFRSF10D, BAG4,
BCL2L2, Mdn2, and XRCC1–5, had 2-fold downregulation.
Magnetic fields significantly arrested cells in the G

2
and

M phases, which are the RT-sensitive phases; in this case,
the cells were sensitized to RT. This study explored this
sensitization effect and possiblemechanisms of adjuvantMFs
with RT on NSCLC at cellular and gene levels. Further study
is needed to further clarify these mechanisms.
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Purpose. To correlate site and diameter of brain metastases with hippocampal sparing in patients treated by RapidArc (RA)
technique on whole brain with simultaneously integrated boost (SIB).Methods and Materials. An RA plan was calculated for brain
metastases of 1-2-3 cm of diameter. The whole brain dose was 32.25 Gy (15 fractions), and SIB doses to brain metastases were 63 Gy
(2 and 3 cm) or 70.8 Gy (1 cm). Plans were optimized and evaluated for conformity, target coverage, prescription isodose to target
volume, homogeneity index, and hippocampal sparing. Results. Fifteen brain lesions and RA plan were generated. Hippocampal
volume was 4.09 cm3, and hippocampal avoidance volume was 17.50 cm3. Related to site of metastases, the mean hippocampal dose
was 9.68 Gy2 for occipital lobe, 10.56 Gy2 for frontal lobe, 10.56 Gy2 for parietal lobe, 10.94 Gy2 for deep brain structures, and 40.44
Gy2 for temporal lobe.Themean hippocampal dose was 9.45 Gy2, 10.15 Gy2, and 11.70 Gy2 for diameter’s metastases of 1.2 and 3 cm,
respectively, excluding results relative to temporal brain lesions. Conclusions. Location more than size of metastases can adversely
influence the hippocampus sparing. Further investigation is necessary to meet definitive considerations.

1. Introduction

Brain metastases are the most common intracranial tumor
in adults [1]. Current treatment modalities include whole
brain radiotherapy (WBRT), surgery, stereotactic radio-
surgery (SRS), and chemotherapy. Whole brain radiotherapy
is usually the primary treatment option for patients with
multiple brain metastases, while its role remains discussed in
oligometastatic patients [2].

Many studies reported serious and permanent late side
effects after WBRT [3, 4].

Recent clinical studies suggest that deficits in learning,
memory, and spatial information processing are related to
hippocampal damage [5].

Monje et al. hypothesized that memory function is
associated with the pyramidal and granule cells located in the
dentate gyrus of the hippocampus [6].

Modest radiation doses cause apoptosis decline in neu-
rogenesis in the subgranular zone and then the extinction of
short-term memory [7–9].

On the other hand Li et al. [10] observed that tumor
shrinkage was significantly correlated with preservation of
executive function and fine motor coordination.

Ghia et al. [11] analyzed the distribution of brain metas-
tases and observed that only 3.3% of intracranial metastases
were located within 5mm of the hippocampus; they con-
cluded that it is reasonable to exclude this structure from
WBRT when it is not involved by disease.

Modern IMRT techniques allow to deliver highly confor-
mal dose distribution.

Several authors tested the feasibility of treating the whole
brain to full dose sparing the hippocampus, using helical
tomotherapy or volumetricmodulated arc therapy by LINAC,
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(RA or VMAT) [12]. But given the complexity of the limbic
circuit and the difficulty in delineating the hippocampus on
cross-sectional imaging, the peculiar features of treatment
plan optimization, and physics quality assurance, this treat-
ment may be complex and time consuming and may need of
expertise.

Primary endpoint of this study was to investigate the
impact of location and size of brain metastases on the
feasibility of reducing the mean hippocampal dose using
VMAT-RA technique; secondary endpoint was to verify if
our mean hippocampal dose was close to that obtained by
other investigators.

2. Methods and Materials

A model of 3 metastatic lesions for each lobe, placed in the
centre of the lobe, of 1-2-3 cm of diameter was developed. A
total of 15 lesions were contoured using a CT simulation scan
of an adult patient.

2.1. Acquisition Image and Fusion. Patient was positioned
supine in a custom-made mask and underwent a noncon-
trast CT simulation scan of the entire head region with
1.25mm slice thickness (1.00mm slice by reconstruction).
The patient underwent three-dimensional spoiled gradient
axial magnetic resonance imaging (MRI) scans (3D-SPGR),
with standard axial and coronal fluid attenuation recov-
ery (FLAIR), axial T2-weighted and gadolinium contrast-
enhanced T1-weighted sequence acquisitions with a 1.00mm
slice thickness.

The CT images were coregistered to a gadolinium-en-
hanced, T1 weighted, and magnetization preparer rapid gra-
dient-echo axial RM.

2.2. Contouring. Anatomic structures were delineated on the
coregistered CT-MRI axial image sets using Varian Eclipse
External Beam Planning System, version 8.9 (VarianMedical
Systems).

Hippocampus, brain lobes, and deep brain structures
were contoured manually with a neuroradiologist on T1-
weighted MRI axial sequences according to several atlas of
neuroanatomy and to guidelines [12, 13].

The hippocampus was contoured on T1-weighted MRI
axial sequences, giving the preponderance of gray matter in
the hippocampus, contouring focused on the T1-hypointense
signal medial to the temporal horn and distinct from
the T1-hyperintense parahippocampal gyrus and fimbriae,
located inferomedial and superomedial to the hippocampus,
respectively. Contouring began at the most caudal extent
of the crescentic-shaped floor of the temporal horn and
continued posterocranially along the medial edge of the
temporal horn. The medial border of the hippocampus was
delineated by the edge of the T1-hypointensity up to the
ambient cistern.The uncal recess of the temporal horn served
to distinguish the hippocampus from the gray matter of the
amygdala, lying anterior and superior to the hippocampus.
The postero-cranial extent of the hippocampus was defined
by the curvilinear T1-hypointense hippocampal tail located
just antero-medially to the atrium of the lateral ventricle.

Contours terminated at the lateral edges of the quadrigeminal
cisterns, before the emergence of the crus of the fornix.

Brain lobes and critical deep structures included thala-
mus and basal ganglia, and a single volume, separated from
the lobe volumes, was generated.

The organs at risk included the eyes (whole globe and
separate lenses’ eye), brainstem, optic nerves, optic chiasm,
and hippocampus.

Metastatic lesions were adapted to a spheroid as the
metastases’ shape. They were drawn in brain lobes and in
the deep brain structures. The centre of these spheroids was
allocated in the gravity centre of each lobe and deep brain
parenchyma; it is considered a geometric representative point
of whole lobe’s volume. This was obtained by simulating a
3D conformal radiotherapy plan in which the target volume
was represented by the lobe or deep brain contoured. On the
coordinates 𝑥, 𝑦, 𝑧 of the gravity centre, we contoured by
brush tool circles of 1-2-3 cm of diameter. These diameters
were selected according to the inclusion criteria for stereotac-
tic therapy. Using Pythagoras’ theorem we created on up and
down slice, a correspondent circumference until to obtain the
spheroid with selected diameter; they represented the gross
tumor volume (GTV) (Figure 1).

A 5mm volumetric margin expansion was applied to the
hippocampus.

A planning target volume for each metastasis (PTVmts)
was outlined using a computer-automated 2mm 3D margin
expansion. The PTVmts was used for concomitant integrated
boost. A whole brain planning target volume (PTVWB) was
generated by subtracting the PTVmts and the hippocampus
avoidance structure from the whole brain contour.

2.3. Planning. The prescription doses were 32.25Gy to 95%
of the volume of PTVWB, 63Gy to 95% of the volume of
metastases with diameter of 2.0 and 3.0 cm, and 70.8Gy to
95% of the volume with diameter of 1.0 cm; the dose was
delivered in 15 fractions. We used the schedule of Hsu et al.
[14] to compare our level of dose to hippocampus using the
same technique.

Dose calculations for RA optimization were performed
using Varian Eclipse external Beam Planning System, version
8.9 with the AAA algorithm for dose calculation with PRO2
optimization system. The RA plans consisted of a single arc,
starting at a gantry angle of 179 and rotating counterclockwise
through 358 to stop at a gantry angle of 181. The falloff was
0.2. During optimization multileaf collimator (MLC)-shaped
fields are progressively added throughout the arc. The gantry
rotation speed and monitor units (MU) per gantry angle
degree were optimized for a variable dose rate plan with a
maximum dose rate of 400MU/min, and the nominal energy
of photons was 6MV. During planning, the user defines the
prescription dose to the target structures and also the dose
constraints to the organs at risk. Step by step for each side
and size of metastases we tried to reduce the mean dose for
the hippocampus without compromising on coverage of the
metastases and whole brain (Figure 2).

2.4. Treatment Planning Evaluation. The treatment plans
were evaluated for the following.
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Figure 1: Concentric metastatic lesions in brain’s lobes: frontal (pink), parietal (green), temporal (yellow), occipital (cyan), and deep brain
structures (brown).

2.4.1.Max andMeanHippocampal Dose. Quantifies themax-
imal and the mean dose of combined hippocampal volumes;
doses were converted to biologically equivalent doses in 2-Gy
fractions (Gy2), assuming an 𝛼/𝛽 ratio of 2Gy.

2.4.2. Target Coverage (TC). Describes the fraction of the
target volume (𝑉

𝑇
) receiving at least the prescription dose

(𝑉
𝑇presc) and is defined as

TC =
𝑉

𝑇presc

𝑉

𝑇

. (1)

According to RTOG QA guidelines, it should be kept
close to 1.0.

2.4.3. Homogeneity Index (HI). Is defined as the maximum
dose delivered to 2% of the target volume (𝐷2%) minus the
dose delivered to 98% of the target volume (𝐷98%) divided
by the median dose (𝐷median) to the target volume:

HI = (𝐷2% − 𝐷98%)
𝐷median

; (2)

it quantifies homogeneity dose distribution in the target
volumes.

2.4.4. V95. Quantifies the volume of PTVWB receiving 95%
of the prescription dose or more.

2.4.5. V105. Quantifies the volume of the PTVWB receiving
105% of the prescription dose or more.

2.4.6. Mean Normalized Tissue Dose (𝑁𝑇𝐷
𝑚𝑒𝑎𝑛

). It is defined
as the total dose that would have the same biological effect
as the actual treatment schedule if it were given in 2-Gy
fractions. This parameter allows us to compare the effects on
normal tissue for two dose volume histograms. An 𝛼/𝛽 ratio
of 2Gy was assumed for the hippocampus and 3Gy for the
eyes:

NTDmean :
Td (Fd + 𝛼/𝛽)
(2 + 𝛼/𝛽)

, (3)

where Td = total dose, Fd = dose for fraction.

3. Results and Discussion

We developed a model using 15 lesions with a diameter
included between 1 and 3 cm to support the indication to
stereotactic radiosurgery. We contoured 4 lobes (1 frontal, 1
parietal, 1 temporal, 1 occipital lobe), and 1 area of deep brain
structures, and hippocampus for each hemisphere. Fifteen
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Figure 2: (a) Example of dose distribution of avoidance of hippocampus during whole brain radiotherapy with simultaneously integrated
boost using Volumetric Modulated ArcTherapy. (b) Plan comparison cumulative, normalized dose-volume histogram ( temporal versus ◼
occipital): hippocampus (pink), eyes (cyan/blue), and PTVmts and PTVwb shown. Two metastases of 1 cm of diameter prescribed to 70.8Gy
and whole brain to 32.25Gy in 15 fractions.

brain lesions for each hemisphere were obtained: 3 for each of
four lobes and 3 for deep brain critical structure.The GTVmts
and PTVmts for diameter of 1-2 and 3 cm were 0.51–1.47 cm3,
4.17–7.42 cm3, and 14.11–21 cm3, respectively. Hippocampal
volume was 4.09 cm3 and hippocampal avoidance volume
was 17.50 cm3.

Fifteen RA treatment plans were calculated. Evaluation
parameters for each plan are reported in Table 1.

The mean TC was for PTVWB and PTVmts was 0.9 ± 0.04
and 0.52 ± 0.06, respectively.

Homogeneity for PTVWB was 0.65 ± 0.18.
The mean hippocampal dose obtained in all RA plans

is 10.43Gy2. According to the site of lesion, the mean
hippocampal doses, normalized to EQD2, was 9.68Gy2 for
occipital lobe, 10.56Gy2 for frontal lobe, 10.56Gy2 for parietal
lobe, 10.94Gy2 for deep brain structures, and 40.44Gy2
for temporal lobe. According to the diameter of the lesion,
excluding results relative to temporal brain lesions, the mean
hippocampal dose, normalized to EQD2, was 9.45, 10.15, and
11.70Gy2 for 1, 2, and 3 cm metastases, respectively.

Whole brain radiotherapy remains a standard treatment
for intracranial brain metastases, but patients might expe-
rience neurocognitive toxicity, correlated to effects on the
limbic system [6, 7].

Ghia et al. [11] demonstrated that hippocampus can be
spared because metastases are generally more than 5mm
away.

Accurate delineation of the hippocampus and its central
location are two critical aspects to obtain a good intracranial
control of disease without neurocognitive decline.

Integrated plans of WBRT and SIB for brain metastases
have previously been already described, and several authors
evaluated the dosimetric feasibility of sparing hippocampus
using not volumetric IMRT technique or helical tomotherapy
or VMAT [15].

At our knowledge this is the first study in which a model
has been created to predict the impact of site and size of
metastases on hippocampal sparing using RA technique.This
can be useful because skilled users need several hours to
perform image fusion, to contour structures and to develop
a treatment plan, which will need another hour for physics
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Table 1: Parameters of 15 RA plans.

Plan Diameter (cm) Mean Hippocampal
Dose (Gy)

Mean
Hippocampal dose

(Gy2)
HI-PTV whole brain TC-PTV metastases TC-PTV whole brain

DS 1 1 12.55 8.90 0.34 0.52 0.82
F 1 1 13.95 10.22 0.36 0.51 0.92
O 1 1 12.82 9.15 0.64 0.54 0.99
P 1 1 13.25 9.55 0.47 0.54 0.91
T 1 1 36.10 33.9 0.55 0.53 0.96
DS 2 2 13.46 9.75 0.78 0.55 0.92
F 2 2 13.49 9.78 0.78 0.72 0.90
O 2 2 13.68 9.96 0.53 0.52 0.92
P 2 2 14.87 11.12 0.57 0.54 0.93
T 2 2 42.00 40.27 0.68 0.48 0.90
DS 3 3 17.80 14.18 0.77 0.49 0.93
F 3 3 15.45 11.70 0.90 0.42 0.91
O 3 3 13.66 9.94 0.60 0.51 0.93
P 3 3 14.76 11.01 0.84 0.46 0.93
T 3 3 50.4 47.16 0.85 0.52 0.80
DS: deep structure; F: frontal lobe; O: occipital lobe; P: parietal lobe; T: temporal lobe; 1–3: metastases diameter (cm).

quality assurance. So knowing the feasibility of sparing
hippocampus according to the site or the diameter of lesion,
everyone could decide to use VMAT-RA techniques or not
without spending many hours to obtain only a little sparing.
Our data show that when the lesion is in temporal lobe,
near the hippocampus, the feasibility ofminimizing themean
hippocampal dose is lower. Ghia et al. [11] demonstrated that
hippocampus can be spared because metastases are generally
more than 5mm away. According our method the temporal
lesion with 2 and 3 cm in diameter are partially located into
the hippocampus, while if the lesion is of 1 cm of diameter,
the distance from lateral side of hippocampus is of 0.5 cm.

On the contrary, sparing hippocampus is feasible when
brain lesions are in other regions, also if close to critical
structures far from hippocampus. Metastases located in
occipital lobe show the lowest mean hippocampal dose. The
impact of size of brain lesions is lower on hippocampal dose.

Regarding hippocampus dose with helical tomotherapy
(HT) technique, Gutiérrez et al. [16] showed the possibility to
reduce the dose to the hippocampus until 6Gy2 treating the
whole brain to a𝐷95% of 32.25Gy with SIB technique, while
Marsh et al. [17] delivered 30 or 35Gy in 15 or 14 fractions on
whole brain obtaining a mean dose/equivalent uniform dose
(EUD) at hippocampus of 12.5/14.23Gy.

Gondi et al. [12] observed that HT spared hippocampus
more than LINAC based IMRT, while target coverage and
homogeneity were acceptable with both technologies.

Other researches tested VMAT or compared this tech-
nology to tomotherapy. Lagerwaard et al. [18] tested the
efficacy of RA treatment planning to deliver WBRT with SIB
in patients with multiple brain metastases, without sparing
the hippocampal region, and it showed excellent coverage of
planning target volume for WBRT and metastases.

Hsu et al. [14] found that VMAT was able to deliver
to metastases a radiosurgical dose during WBRT. For the
whole brain, the mean target coverage and homogeneity
index were 0.960 ± 0.002 and 0.39 ± 0.06, respectively. The
mean hippocampal dose was 5.23 ± 0.39Gy2; he used Varian
Eclipse external Beam Planning System, version 7.1, and a
pencil beam algorithm.

Prokic et al. [19] recently observed that for patients
with up to 8 metastases the SIB is more effective than the
WBRT + stereotactic fractionated irradiation in lowering
doses to the hippocampus. In the SIB schedule, the prescribed
dose was 30Gy in 12 fraction to the WB and 51Gy in 12
fraction to individual brain metastases.Themean dose to the
hippocampus ranged from 7.55 ± 0.62 to 6.29 ± 0.62; he used
Eclipse version 10.0 with an optimization system PRO3.

We obtained a mean hippocampal dose ranged from
8.90Gy2 to 47.16Gy2. In the most favourable situation, such
as metastasis in the occipital lobe or diameter of 1 cm, mean
hippocampal doses were 9.68Gy2 and 9.45Gy2 respectively.
These data are better than those reported by Marsh et al. [17]
but worse than those obtained by other authors.

The gap could be related more to algorithm for dose’s
optimization than to that of dose’s calculation because in the
brain the different accuracy between the pencil beam and the
AAA algorithm could not be significant.

Regarding HI of whole brain, we found an HI that
ranged from 0.34 to 0.9 with a mean of 0.65 ± 0.18; our
results are more similar to those reported by Gutiérrez et
al. [16] with tomotherapy (0.485 ± 0.152), comparable with
those obtained by Hsu et al. [14] with VMAT (0.39 ± 0.06),
Prokic et al. [19] (0.54 ± 0.04) with VMAT, and by Gondi
et al. [12] with LINAC-IMRT; it is worse only them those
published by Gondi et al. when used helical tomotherapy
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(0.008–0.29). However, sparing the hippocampus and con-
comitantly boosting the metastases deliberately increases the
heterogeneity for the whole brain volume for this composite
plan.Thismakes the HI a poormeasure.This is observed also
by other investigators [20].

4. Conclusions

Our predictive model suggests that metastases in temporal
lobe does not allow to reduce significantly the dose to
hippocampus. Volumetric modulation RA is able to reduce
the mean dose per fraction to the hippocampus. Different
version or algorithm of VMAT-RA can influence dose’s esti-
mation to hippocampus. Further investigations are necessary
to improve statistical analysis and tomeet definitive consider-
ations, modelling multiple metastasis, scanning imaging and
fusion of other patients, or evaluating hippocampus as both
single and paired structures.
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The aim of the present study was to estimate the wall effect of the self-made spherical graphite-walled cavity chamber with the
Monte Carlo method for establishing the air-kerma primary standard of high-dose-rate (HDR) 192Ir brachytherapy sources at the
Institute of Nuclear Energy Research (INER, Taiwan). The Monte Carlo method established in this paper was also employed to
respectively simulate wall correction factors of the 192Ir air-kerma standard chambers used at the National Institute of Standards
and Technology (NIST, USA) and the National Physical Laboratory (NPL, UK) for comparisons and verification.The chamber wall
correction calculation results will be incorporated into INER’s HDR 192Ir primary standard in the future. For the brachytherapy
treatment in the esophagus or in the bronchi, the position of the isotope may have displacement in the cavity. Thus the delivered
dose would differ from the prescribed dose in the treatment plan. We also tried assessing dose distribution due to the position
displacement of HDR 192Ir brachytherapy source in a phantom with a central cavity by the Monte Carlo method. The calculated
results could offer a clinical reference for the brachytherapy within the human organs with cavity.

1. Introduction

In radiotherapy treatments for cancer patients it is critical
to have an accurate measurement of the dose delivered to
the patient. Obtaining an accurate dose involves three major
steps. The first step is the establishment of primary standards
of air kerma or absorbed dose to water.The second step is the
use of dosimetry protocols based on ion chambers calibrated
using these primary standards to establish the dose under
reference conditions in a clinical therapy beam.The final step
is to establish the dose distribution in individual patients
specified by computed tomography (CT) data.

At present, 192Ir is the most commonly used radioisotope
for high-dose-rate (HDR) brachytherapy treatment. Due to
the relatively short half-life of 192Ir (73.827 days ± 0.013

days) [1], most radiotherapy departments change their 192Ir
sources every three months and medical physicists need to
measure the source strength of the 192Ir sources on a regular
basis before an accurate treatment plan can be written. The
source calibration is a main component of quality assurance
programs recommended for HDR brachytherapy [2]. The
recommended quantity for the specification of brachytherapy
gamma ray sources is the reference air-kerma rate (RAKR),
defined by the International Commission on Radiation Units
and Measurements [3, 4] as the kerma rate to air, in air, at a
reference distance of 1meter, corrected for air attenuation and
scattering.

To replace the interpolation techniques between air-
kerma calibration coefficients of an ionization chamber for
192Ir [5, 6], the Institute of Nuclear Energy Research (INER,
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Figure 1: Geometric model of the Nucletron mircoSelectron HDR 192Ir Classic source.

Taiwan) has recently developed a spherical graphite-walled
cavity ionization chamber as the primary standard for direct
measurement of HDR 192Ir brachytherapy source strength to
provide a traceable source calibration. Our primary standard
is derived from measurements using the graphite-walled
chamber, based on the Bragg-Gray theory. The wall cor-
rection factor 𝑘wall is intended to account for the effects of
attenuation and scatter of the incident primary photons in the
chamber wall [7]. The 𝑘wall of the primary standard chamber
for HDR 192Ir brachytherapy sources is the largest correction
factor (approximately 80% of the total correction amounts)
required to correct the measured charge for experimental
perturbations. In the past, the empirical method to estimate
𝑘wall has been to measure the ionization charge (or current)
as a function of wall thickness for a fixed cavity size (but
for wall thickness no smaller than the minimum required to
exclude secondary electrons generated outside the wall). The
results are then linearly extrapolated to zero wall thickness
under the assumption that attenuation and scattering are thus
eliminated. For more than a decade, Rogers and Bielajew
suggested that the use of 𝑘wall based on linear extrapolation
measurements was incorrect and proposed instead the use of
results from the Monte Carlo calculations [8–12].

In this research, one of the tasks was to evaluate 𝑘wall
of the self-fabricated chamber by the Monte Carlo photon-
electron transport calculations to establish the HDR 192Ir air-
kerma primary standard at INER. In clinical brachytherapy
treatment of the esophagus or bronchi or such organs with
a cavity, the source positions tend to displace because there
would be no body tissue to fix the isotope.The fact is that the
position of the isotopewould affect the accuracy of the output
dose. So the source displacement would cause the tumor or
normal tissue to receive inaccurate dose and deviate from
the treatment plan and desired effect. Since the experiment
of actually measuring the dose variations in the human body
is not feasible, we used a simulation calculation to perform
dose evaluation [13–15]. In this research, we also performed
sensitivity assessment using the Monte Carlo method for
the displacement of an HDR 192Ir source in the cavity and
explored how the related effects would affect internal doses.
Hopefully the evaluation results will offer a clinical reference
for brachytherapy within human organs with a cavity.

2. Materials and Methods

2.1. Wall Correction Factor Calculation for HDR 192Ir Air-
Kerma Standard Chamber. The INER uses a Nucletron
microSelectron HDR Classic brachytherapy unit fitted with
the “Classic” source, part number 096.001, manufactured by
Mallinckrodt Medical B V (The Netherlands). The average
photon energy for HDR 192Ir brachytherapy sources is close
to 0.4MeV [16]. Figure 1 shows a schematic diagram of the
HDR 192Ir brachytherapy source simulated in this work. The
enclosure of the radioactive material consists of a cylindrical
stainless steel AISI 316L capsule (length: 5.0mm, radial thick-
ness: 250 𝜇m) which is sealed by laser welding. The 192Ir is
contained in the capsule as a metallic 192Ir cylinder (length:
3.5mm, diameter: 0.6mm). The stainless steel capsule is
welded to a metal plug and a 1500mm long flexible stainless
steel AISI 316 cable. The other end of the capsule is welded to
a steel pin (tail). The identification of the source is engraved
on the long side of the tail. The nominal initial activity of the
source is between 370GBq and 550GBq.

The INER primary standard cavity chamber for HDR
192Ir sources, shown in Figure 2, is a guarded ionization
chamber resulting in low leakage currents.The spherical cav-
ity volumeof the primary standard chamberwasmeasured on
two coordinatemeasuringmachines and found to be 102 cm3.
The outside radius (3.200 cm), inside radius (2.899 cm), and
wall thickness (0.301 cm) for the chamber were measured
with a similar technique. In the case of 192Ir, this requires a
wall thick enough to stop 687 keV Compton recoil electrons
generated by 885 keV gamma rays, the most energetic pho-
tons emitted by 192Ir [17], neglecting three very weak lines
above 1MeV. The CSDA (continuous slowing down approxi-
mation) range of 687 keV electrons is 0.31 g cm−2 of graphite
[18], which is equivalent to a wall thickness of approximately
1.8mm. The graphite wall of this cavity chamber provides
sufficient build-up material to ensure CPE. The computer
code CAVSPHnrc, which is a user code of EGSnrc [19], is
used to calculate wall correction factors of standard cavity
chambers. The ionization chamber used in the calculation
comprised two concentric spheres, and if ignoring the central
electrode, there would be three areas including air, graphite
wall, and cavity (made of air) from the outside to the inside.
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Figure 2: Schematic of INER primary standard cavity chamber for HDR 192Ir source.

It was assumed that the 192Ir source was a point source and
that the distance between the source and ionization chamber
was 100 cm.The simulation kept track of the wall from which
the electrons entered the cavity and calculated 𝑘att and 𝑘sc, the
correction factors for attenuation and scattering in the wall.
From Figure 3 the following equations become evident:

𝑘wall = 𝑘att ⋅ 𝑘sc =
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where the primary photon collides with the chamber wall
and produces electrons and a scattered photon, ⟨𝜀

𝑃
⟩ is the

energy deposition caused by the primary photon, ⟨𝜀
𝑆
⟩ is

the energy deposition caused by the scattered photon, and
⟨𝜀⟩ = ⟨𝜀

𝑃
+ 𝜀

𝑆
⟩ which stands for all the energy deposition

inside the chamber cavity. If the ionization chamber was
wall-less, the energy deposition in the cavity would be the
energy deposition of the primary photon before attenuation,
that is, ⟨𝑒+𝜇𝑡𝜀

𝑃
⟩. Hence, the definition of the wall correction

factor, 𝑘wall, would be the ratio of the actual energy deposition
⟨𝑒

+𝜇𝑡
𝜀

𝑃
⟩ to the wall-less energy deposition ⟨𝜀⟩. In order to

produce results that could be used for arbitrary beam spectra,
calculations for the self-made chamber were done for both
monoenergetic and spectral photon beams. Samples of at
least 108 incident primary photons were used to make the
relative statistical standard deviations below 0.1%.

2.2. Assessment of Dose Variation by Source Displacement
for HDR 192Ir Brachytherapy. Plexiglass is a useful phantom
material for experimental measurement and calibration and
can be easily custom-made for certain shapes and purposes.
The radiation interaction properties and density of Plexiglass
are similar to the human soft tissue. The Plexiglass phantom
is a cylinder with a height of 14 cm and a radius of 10 cm, as
indicated in Figure 4. In the center of the phantom, there is
a 2 cm diameter cylindrical cavity, which in this calculation
represents human organs with a cavity such as the esophagus
and bronchi. At the edge of the Plexiglass phantom there are
also four cylindrical cavities of the same size as that of the
central one. In this calculation the cavities at the edge were
not simulated and were filled with the phantom material.
To simulate the movement of the 192Ir HDR source in the
cavity, the source was located at the cylindrical cavity surface
in the calculation, at point A and point B in Figure 5. The
HDR 192Ir source was placed at a height of 7 cm in the cavity,
which is the middle of the cavity length. As Figure 5 showed,
the distance between point A and B is exactly the diameter
of the cylindrical cavity. The photon and electron radiations
were simulated separately with a Nucletron microSelectron
Classic source with an activity of 3.552 × 1011Bq (9.6 Ci)
and then the doses due to photon and electron radiations
were summed.The geometricalmodel of the dosemonitoring
positions is also indicated in Figure 5, taking the cube whose
side length was 0.5 cm as a scoring volume. The monitoring
positions went along as a straight line from the radius of the
central cavity to the side surface of Plexiglass phantom. In this
work, the doses at the same monitoring points while the 192Ir
source was positioned at the central axis of the cavity were
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Figure 3:TheMonte Carlo simulation geometry for wall correction
assessment of the INER primary standard cavity chamber for HDR
192Ir source.

also calculated as the comparison basis for the impact of the
source displacement.

3. Results and Discussions

3.1. Calculation and Verification of the Chamber Wall Cor-
rection Factors. RAKR is determined in air at a distance
of 1m from the source axis in the plane that perpendicu-
larly bisects the axis. The photon spectrum at the RAKR
measurement point was estimated by assuming the photon
emission probabilities for 192Ir decay and calculating the
attenuated spectrum reaching the measurement point. The
calculation took into account the attenuation along all photon
paths through the various materials by integrating overall
source points in the cylindrical core. The photon intensity
and spectrum for the source at the RAKR determination
point was calculated using MCNP code version 5 [20]. In
the calculation the geometry model of the HDR 192Ir source
was constructed and simulated in detail. The energy cut-
off settings for the photon and electron transport were both
0.001MeV. Photons were sampled uniformly in the core and
were scored at the side of the HDR 192Ir source. Figure 6
shows the 192Ir source photon spectrum calculated in this
research, with which the spectrum for the similar field from
the independent Monte Carlo calculations of Rogers and
Borg [21] showed a good agreement.

The 192Ir source photon spectrum evaluated in Figure 6
was taken as the input data of the CAVSPHnrc code and was
used to calculate the wall correction factors of INER’s spheri-
cal graphite-wall cavity chamber. The 𝑘wall, 𝑘att, and 𝑘sc
calculation values and simulation uncertainty analysis for

14
 cm

2 cm

20 cm

Figure 4: Diagram of Plexiglass phantom geometry.

A B

Figure 5: Geometrical indication for the positions of HDR 192Ir
source and dose assessment scoring volume in Plexiglass phantom.

INER’s HDR 192Ir primary standard chamber are listed in
Table 1. Figure 7(a) illustrates the wall correction factors
and the related parameters of INER’s spherical graphite-wall
cavity chamber, 𝑘wall, 𝑘att, and 𝑘sc, as functions of the incident
photon energy. The 𝑘att value reduced with the increase of
energy. When compared with the mass attenuation coeffi-
cient (𝜇/𝜌) of graphite, it showed similar variation trends
(Figure 7(b)) and met the proportional relationship between
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Table 1: The 𝑘wall, 𝑘att, and 𝑘sc calculation values and simulation
uncertainty analysis for INER’s HDR 192Ir primary standard cham-
ber.

Correction factors ksc katt kwall
Calculation values 0.9402 1.1021 1.0362
Simulation uncertainties 0.015% 0.005% 0.015%

𝑘att and 𝑒
+𝜇𝑡 in (2). 𝑘sc varied inversely with the incoherent

scattering cross section (Figure 7(c)) related to the energy
deposition caused by the scattered photon ⟨𝜀

𝑠
⟩ in (3). The

smallest 𝑘sc value occurred at 0.04MeV. The wall correction
factors 𝑘wall affected by the related parameters have been
established in this study and will be incorporated into INER’s
air-kerma primary standard for HDR 192Ir sources.

INERused theCAVSPHnrc code to calculate the 𝑘wall val-
ues of NIST’s spherical graphite primary standard chambers
of different volumes for 0.40MeV, 0.662MeV, and 1.25MeV
photons and compared them with the results evaluated by
NIST [22]. The comparison results are listed in Table 2. Table
2 shows that the 𝑘wall assessment discrepancies against the
NIST primary standard chambers between INER and NIST
for monoenergetic photons were within 0.20%, verifying the
accuracy and reliability of INER’s method for evaluating the
chamber wall correction factors.TheMonte Carlo simulation
process in this study also offered a convenient and accurate
approach to evaluate the chamber wall correction factor for
national metrology institutes (NMIs) in establishing their
air-kerma primary standards of gamma radiation. Table 3
gives the structural information of 192Ir primary standard
cavity chambers for INER, NIST (50cc-1), and NPL [1, 22].
INER used the Nucletron microSelectron Classic source
spectrum simulated in Figure 6 and the CAVSPHnrc code to

calculate NIST’s and NPL’s 192Ir primary standard chamber
wall correction factors given in Table 4. It can be seen from
Table 4 that for the assessment of wall correction factors, the
difference between evaluations of NPL’s standard chamber
was 0.23% and between evaluations of NIST’s standard
chamber was 0.44%. The differences were analyzed and the
root cause was found: the HDR 192Ir source used by the
NPL was the Nucletron microSelectron Classic type [16],
which was the same type used by INER for calculation of
the HDR 192Ir source spectrum. On the other hand, NIST
used a low-dose-rate (LDR) 192Ir brachytherapy seed source
to evaluate the wall correction factor [22]. With the different
types of sources, INER and NIST had a larger difference in
the evaluation results. Analyzing Tables 2 and 4, it can be seen
that for the NIST 50cc-1 primary standard chamber for an
192Ir source, the 𝑘wall evaluation difference of the

192Ir spectral
photon beams is higher than that for the monoenergetic
photons (0.40MeV, 0.662MeV, and 1.25MeV).

3.2. Assessment of Dose Variation by Source Displacement.
The MCNP code version 5 was adopted to evaluate the
influence on the dose distribution of the phantom for HDR
192Ir brachytherapy source movement in the central cavity
of the Plexiglass phantom. Figure 8 indicates the photon
dose, electron dose, and the total dose as a function of
distance when the source was placed on the central axis of
the central cylindrical cavity. It is obvious that the dominant
dose contribution came from the photons of the source.At the
distance of 1.25 cm from the central cavity axis, the electron
dose from the source was about 1/7 of the photon dose.
At other distance monitoring points, the dose contribution
of the electrons was only about 1/60 of the photon dose.
The difference of these compared results as a function of
distance was caused by the short range of the electrons. The
electrons deposit energy quickly as they transport through
0.5 cm depth of the phantom, and the electron dose at the
phantom edge results from the Bremsstrahlung. The dose
contribution from the Bremsstrahlung was estimated to be
approximately 17% of the total electron dose summed from
all monitoring points. The dose assessment in the Plexiglass
phantom showed that the total dose on the surface of the
phantom was as low as only 1% of that at the phantom center.

Figure 9 indicates that the total dose distribution varied
with assessment distance when the 192Ir source was placed at
different locations in the cylindrical cavity of the Plexiglass
phantom. The dominant dose contribution is still from the
photons, even if the location of the 192Ir source has been
displaced. Table 5 lists the dose ratios at various monitoring
points when the 192Ir source was placed at the point A, point
B, and the central axis of the phantom cavity center. It was
seen that for the nearest monitoring point (1.25 cm), the dose
ratios of which the source was located at point A and point
B against the source located at the cavity central axis were
0.340 and 16.2, respectively. The analysis results showed that
when the location of the 192Ir source was displaced from
point A to point B, the dose at the nearest motoring point
(1.25 cm) was greater by nearly a factor of 50. The dose
evaluation difference from the location of the 192Ir source
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Table 2: Comparison of 𝑘wall values calculated by INER and NIST for NIST’s spherical graphite primary standard chambers using 0.40MeV,
0.662MeV, and 1.25MeV photons.

Chamber 𝑘wall (0.40MeV) 𝑘wall (0.662MeV) 𝑘wall (1.25MeV)
NIST INER Difference NIST INER Difference NIST INER Difference

1cc 1.0312 1.0320 0.07% 1.0286 1.0287 0.01% 1.0197 1.0287 0.01%
10cc 1.0349 1.0352 0.03% 1.0314 1.0319 0.05% 1.0226 1.0319 0.05%
30cc 1.0374 1.0395 0.20% 1.0348 1.0344 −0.04% 1.0249 1.0344 −0.04%
50cc-1 1.0386 1.0402 0.16% 1.0349 1.0354 0.05% 1.0252 1.0354 0.05%

decreased as the monitoring distance increased. At the edge
of the Plexiglass phantom (9.75 cm), the dose difference was
reduced to 28.5%. From the above calculation results, it can be
known that when performing brachytherapy for organs with
a cavity, the displacement of source position could make the
dose output very different from the plan. With the increase
of the assessment distance, the impact from the source
displacement would be greatly reduced. However, for clinical
brachytherapy, the source is usually very close to the tumor.

Source position displacement in organs with cavities such as
the esophagus and the bronchi may cause the delivered dose
to differ from the prescribed dose in the treatment plan and
may bring unexpected influence to the treatment results.

4. Conclusions

We calculated 𝑘wall for a self-made spherical chamber using
the Monte Carlo method. The wall correction factor could
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Figure 8: Indication of the dose distribution varying with assess-
ment distance while HDR 192Ir source was placed at the central axis
of the Plexiglass phantom cylindrical cavity.

Table 3: Structural characteristics of 192Ir primary standard cavity
chambers for INER, NIST (50cc-1), and NPL.

Laboratory
Graphite
density
(g cm−3)

Inside
radius
(cm)

Outside
radius
(cm)

Wall
thickness
(cm)

Cavity
volume
(cm3)

INER 1.78 2.899 3.200 0.301 102
NIST 1.73 2.305 2.670 0.365 51.3
NPL 1.75 2.910 3.290 0.380 103

Table 4: Calculation comparison for wall correction factors of the
192Ir primary standard chambers for NPL and NIST.

The NPL primary standard chamber for 192Ir
Wall correction factors calculated by NPL INER Difference
kwall values 1.0453 1.0429 −0.23%

The NIST primary standard chamber (50cc-1) for 192Ir
Wall correction factors calculated by NIST INER Difference
kwall values 1.0349 1.0395 0.44%

be applied in the establishment of an air-kerma primary
standard for HDR 192Ir brachytherapy sources. Simulation
comparisons for the primary standard chamber wall correc-
tions of different laboratories were employed to verify the
accuracy of the assessment approach established by INER.
The comparison results showed that INER and NPL had a
better agreement with wall correction factor evaluation of
NPL’s standard chamber using the same type of source as
compared with the different type of 192Ir source used with

Table 5: Total dose distribution assessments when 192Ir source was
at different locations.

Distance between
central axis and
monitoring point
(cm)

Dose ratios of monitoring points when
source was at different locations
Point

A/central axis
Point

B/central axis
Point A/point

B

1.25 0.340 16.2 0.021
1.75 0.445 4.57 0.097
2.25 0.530 2.86 0.185
2.75 0.592 2.25 0.263
3.25 0.633 1.91 0.331
3.75 0.676 1.74 0.390
4.25 0.700 1.62 0.431
4.75 0.726 1.52 0.478
5.25 0.764 1.46 0.525
5.75 0.784 1.39 0.565
6.25 0.783 1.36 0.574
6.75 0.825 1.31 0.628
7.25 0.797 1.29 0.618
7.75 0.844 1.27 0.666
8.25 0.842 1.26 0.668
8.75 0.860 1.24 0.696
9.25 0.797 1.22 0.652
9.75 0.848 1.19 0.715

NIST’s standard chamber, which resulted in an increased
discrepancy. The 𝑘wall calculation data in this study will be
incorporated into INER’s air-kerma primary standard for
HDR 192Ir sources in the near future and increase the cal-
ibration accuracy in brachytherapy source strength measure-
ments.

According to the comparison results of the dose dis-
tribution of the Plexiglass phantom for the HDR 192Ir
brachytherapy source, the outcome of brachytherapy will
be seriously influenced by the source displacement. When
dealing with clinical treatments including an internal cavity
such as esophagus or bronchi, doctors andmedical physicists
should pay special attention to the dose output variations
caused by the source that could not be exactly fixed. The
MCNP simulation model used in this research hopefully
could be applied to the Voxel phantom which is constructed
by CT images to offer more contributions to improve clinical
patient treatments.
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A 36-year-old woman was diagnosed with a therapy-refractory cutaneous CD4+ T-cell lymphoma, T3N0M0B0, and stage IIB.
Helical irradiation of the total skin (HITS) and dose painting techniques, with 30Gy in 40 fractions interrupted at 20 fractions with
one week resting, 4 times per week were prescribed. The diving suit was dressed whole body to increase the superficial dose and
using central core complete block (CCCB) technique for reducing the internal organ dose.Themean doses of critical organs of head,
chest, and abdomen were 2.1 to 29.9Gy, 2.9 to 8.1 Gy, and 3.6 to 15.7 Gy, respectively. The mean dose of lesions was 84.0 cGy. The
dosage of left side pretreated area was decreased 57%. The tumor regressed progressively without further noduloplaques. During
the HITS procedure, most toxicity was grade I except leukocytopenia with grade 3. No epitheliolysis, phlyctenules, tumor lysis
syndrome, fever, vomiting, dyspnea, edema of the extremities, or diarrhea occurred during the treatment. HITS with dose painting
techniques provides precise dosage delivery with impressive results, sparing critical organs, and offering limited transient and
chronic sequelae for previously locally irradiated, therapy-refractory cutaneous T-cell lymphoma.

1. Introduction

Total skin electron beam therapy (TSEBT) is an effective
treatment for cutaneous T-cell lymphoma affecting the super-
ficial region [1]. One of the widely used techniques TSEBT
is Stanford 6-dual field technique [2]. However, the dose
in homogeneity is reported by the literatures [3, 4]. To
improve this condition, a selection of patients with advanced
skin disease and regional extension could be overcome by a
combination of TSEBT and photon beam irradiation [5].

Helical tomotherapy (HT) has advantages in irradiating
extended fields with dose painting techniques. Total marrow
irradiation (TMI) via HT with low toxicities for multiple
myelomapatients could be feasible [6]. According to the char-
acteristics ofHT, it is workable and feasible to replace conven-
tional TSEBT technique by HT to increase dose homogeneity
and decrease toxicities. Here, we report a successful case
of therapy-refractory cutaneous CD4+ T-cell lymphoma
treated with helical irradiation of the total skin (HITS) and
dose painting technique to overcome the surface dose in
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Figure 1: Pathology reports. (a) Atypical lymphoid cells infiltrated diffusely into the superficial and deep dermis. (b) Most of the atypical
lymphoid cells were positive for CD3 (×200). (c) Most of the atypical lymphoid cells were positive for CD4 (×200). (d) Only a small portion
of themwere positive for CD8 (×200). (e) Only a small portion of themwere positive for CD79a (×200). (f) Only a small portion of themwere
positive for CD56 (×200). (g) All negative for CD30 (×200). (h) Negative for CD3 (×40). (i) Negative for CD20 (×40) showed inflammation
change without residual T-cell lymphoma.

homogeneity of conventional radiotherapy and to spare the
previous irradiating area. Additionally, the data of surface
dose, critical organs doses, and registration were analyzed
too.

2. Materials and Methods

2.1. Patient Characteristics. In February, 2012, a 36-year-old
woman visited our outpatient department due to the pro-
gression of a skin disease for several months. Eight months
before visiting, she found a pruritic, noduloplaque skin rash
over her trunk and extremities. Concurrently, a growing,
fungating lesion 15 cm in diameter was in the left lateral chest
wall. She visited one of medical center in Taiwan for help.
The Ga-67 study showed intense uptake in the lateral left
chest wall that was corroborated by the clinical appearance.
A whole abdominal computer tomography (CT) showed

several subcentimeter lymph nodes in the bilateral inguinal
areas, and a biopsy was done. The pathology reports showed
cutaneous CD4+ T-cell lymphoma, T3N0M0B0, and stage
IIB without lymph node metastasis. Many medium- to large-
sized atypical lymphoid cells infiltrated diffusely into the
superficial and deep dermis (Figure 1(a)).Most of the atypical
lymphoid cells were positive for CD3 (Figure 1(b)) and CD4
(Figure 1(c)). Only a small portion of them were posi-
tive for CD8 (Figure 1(d)), CD79a (Figure 1(e)), and CD56
(Figure 1(f)). They were all negative for CD30 (Figure 1(g)).

The prescriptions were interferon alpha, psoralen plus
ultraviolet A photochemotherapy, and Accutane (Isotreti-
noin). In addition, local electron radiotherapy was delivered
to the left chest wall and right axillary area with 50 Gray
(Gy) in 25 fractions, respectively. After local radiotherapy, the
producing newly-formed plaques over the trunk and buttock
outside the radiation field were noted. Oral methotrexate
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Figure 2: Continued.
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(d)

Figure 2: Irradiation techniques. (a) Helical irradiation of the total skin (HITS) with dose painting technique for total skin irradiation (white
arrow indicates dose painting on the previous irradiation area). (b) The dose volume histograms (DVHs) of the target and individual organs
at risk (OARs). (c) The hypothetical bolus was placed on the skin surface with 1–1.5 cm. A central core complete block (CCCB) 2.5 cm away
from PTV in HITS planning. (d) The locations of radiochromic EBT2 film on the body surface.

(2.5mg) 5mg twice per day was prescribed immediately but
disease progressed. The patient was referred to our hospital
for total skin irradiation.

2.2. Regiment of Helical Irradiation of the Total Skin (HITS).
HITS with dose painting techniques were applied from head
to toe and avoided the previously treated areas. (Figures
2(a) and 2(b)) The patient was dressed with the diving suit
(3mm thick) to increase the superficial dose. The Polyflex
II tissue equivalent material (Sammons Preston, Warrenville,
IL, USA) was used as bolus for lesions over ears, fingers,
and toes. The conformal bolus (R.P.D., Albertville, MN,
USA) was used to cover the lesions in trunk. BlueBag
immobilization system (Medical Intelligence, Germany) and
thermoplastic fixation were used to fix head and neck, main
trunk, and extremities. For tomotherapy treatment planning,
a computed tomography (CT) image set of the whole body
was required. The patients were scanned in a large bore
(75 cm) CT scanner (GE, Discovery VCT PET/CT Imaging
System) from head to toe. The level at 15 cm above knee was

used as a reference point to separate the upper and lower set.
The geometric edges of both fields were abutted at the HT
treatment’s 50% isodose plane.

Both image sets were using the Philips Pinnacle3 treat-
ment planning system for contouring. After that, the plan
was transferred to the Tomotherapy Hi Art Planning system
(v. 4.0.4. Tomotherapy, Inc., Madison, Wisconsin, USA).
The clinical target volume (CTV) included the entire body
surface system with subcutaneous 0.5 cm. To account for
setup variability and respiratory motion, a planning target
volume (PTV) was generated with a 0.5 cm margin at first.
After 4 days treatment, the data of MVCT showed 0.5 cm
for PTV was insufficient for some parts of body, such as
shoulder, chest, abdomen, and pelvis. Therefore, the margins
for PTV in these areas were changed accordingly. The
anterior margin of the chest and abdomen was 1.0 cm with
two-dimensional expansion and the shoulder was 0.8 cm
with three-dimensional expansion, respectively. The CTV
and PTV were sepacrated into five parts of head, chest,
abdomen, pelvis, and upper extremities for the body plan.
The hypothetical bolus was 1.0–1.5 cm in thickness from skin
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Figure 3: Calibration curve of radiochromic EBT2 film.

surface. Five mm was setting on the outer layer of PTV as
hypothetical boluses duringHITS plan to avoid the overhit of
the inverse planning. Due to the different PTV margin used
in the different part of body, the thicknesses of hypothetical
boluses were variable. A central core complete block (CCCB)
2.5 cm away from PTV in HT planning system was used
to restrict the photon beams to be an oblique incidence
for increasing the superficial dose and reducing the internal
organ dose (Figure 2(c)).

Thirty Gy with 40 fractions interrupted at 20 fractions
with one week resting, 4 times per week were prescribed.
Total doses of 30Gy to 95% of the PTV were delivered to
the total skin area and tumor part, respectively. The normal
tissue dose constraints utilized were based on the results of
the survey of the clinical outcome of the target dose and dose
limits to various organs at risk (OARs).The field width, pitch,
and modulation factor (MF) used for the treatment planning
optimization were 2.5, 0.287 cm, and 3.5, respectively. The
dose volume histograms (DVHs) were calculated for the
target and individual OARs. Toxicity of treatment was scored
according to the Common Terminology Criteria for Adverse
Events v4.0 (CTCAE v4.0).

2.3. Image Guidance. Daily check of patient positioning was
performedby themegavoltageCT (MVCT) system integrated
in the tomotherapy machine. MVCT scan from head to thigh
were performed to check the patient’s whole body alignment.
Image fusions were evaluated by the attending physician and
physicist. Any translational shifts suggested by the image
fusion results were applied to the final patient setup before
treatment delivery.The tolerance of setup error allowed only a
5mm difference in any of the three translation directions and
1∘ of difference in roll. Additional selected MVCT scans were
performed after treatment to verify patient immobilization.

2.4. Dose Measurement. Radiochromic EBT2 film (Inter-
national Specialty Products Inc. Wayne, NJ, USA) with
thickness of 0.234mm and effective measurement depth of
0.153mm in a layer was used for dose measurements during
HITS. Each film sheet was cut into smaller pieces as 5 × 5 cm
that were placed on the lesions, head, chest, abdomen, pelvis,
back, and extremities for calibration and measurement. The
starting day in first period, 128 EBT2 films were measured
(Figure 2(d)). In the starting day of second period, only 69
EBT2 films were putting on the important area of body
to confirm the previous data. An Epson Perfection V700

flatbed scanner (Epson Seiko Corporation, Epson Seiko
Corporation, Nagano, Japan) with the software of ImageJ
Version 1.43 (National Institute of Health, Bethesda, MD,
http://rsb.info.nih.gov/ij/) was used to scan all of the films
at least 24 hours after film exposure. Films were scanned at
a central scanner location and with the same orientation.
The settings used were 48 bit color and 150 dpi (0.017 cm
per pixel). Calibration was performed by irradiating each
calibration film individually in a plastic water phantom
perpendicularly to a 6MV beam at dose levels from 0 to
150 cGy. The calibration curve was fitted using a polynomial
function with the pixel value (PV) for eachmeasurement film
converted to dose accordingly (Figure 3). According to the
calibration curve, the dose of the exposued EBT2 films can
be measured.

3. Results

3.1. Response and Toxicities. Patient data was collected with
the approval of the Institutional Review Board of our Hos-
pital. Thirty gray were delivered to the patient from March
19, 2012 to June 29, 2012. The tumor regressed progressively
over the entire body without further noduloplaques (Figures
4(a), 4(b), and 4(d)). After HITS, the following pathologic
report showed only inflammation change without tumors
persist (Figures 1(h) and 1(i)). Grade I dermatitis, mucositis,
xerostomia, fatigue, and body weight loss (51 to 46 kg) were
noted during the HITS and onycholysis during the two
months following completion of the treatment (Figure 4(c)).
Additionally, grade I anemia, thrombocytopenia, and grade 3
leukocytopenia were also noted during the HITS procedure
(Figure 5). No epitheliolysis, phlyctenules, tumor lysis syn-
drome, fever, vomiting, dyspnea, edema of the extremities,
or diarrhea occurred during the treatment. No abnormal
liver, renal, thyroid functions, or gonadotropin hormonewere
noted during or after treatment (Figure 5). Transient alopecia
was noted duringHITS but she recoveredwithout permanent
partial alopecia 3 months later. Skin itching off and on over
the trunk persisted from the beginning until the final report.
Two months later, she developed grade 4 pancytopenia but
recovered to grade 3 leukocytopenia and thrombocytope-
nia in the 3rd months after the treatment was completed.
Supportive measures were provided including hematopoietic
colony-stimulating factors (CSF), steroids, antioxidants, oral
glutamine, and yeast-derived 1,3/1,6 glucopolysaccharide.
From the treatment until now, a complete response was
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Figure 4: Treatment results. (a) Positron emission tomography study for tumor. (b) The tumor regressed progressively over the entire body
without further noduloplaques. (c) Onycholysis during the two months following completion of the treatment. (d) The whole view of total
body, transient alopecia was noted during HITS but she recovered without permanent partial alopecia 3 months later.

noted, with the white cell count recovering to grade 2, and
the hemoglobulin and platelet counts recovering to grade 1
(Figure 5).

3.2. Dosage of Organs at Risk (OARs). Isodose distributions
and dose volume histogram to the target and OARs were
shown in Figures 2(b) and 2(c). The mean doses of HITS
to various OARs of head, chest, and abdomen were 2.1
to 29.9Gy, 2.9 to 8.1 Gy, and 3.6 to 15.7 Gy, respectively
(Table 1(a)).

3.3. Surface Doses and the Data of Registration. The surface
doses in skin were listed in Table 1(b). The mean dosage of
lesions was 84.0 cGy (ranged 73.6 to 89.4 cGy). The average
dosage of left side pretreated area was 32.5 cGy. In here,
the dose was decreased 57%. The average beam-on time for
the upper and lower part took roughly 48.1 ± 7.9min and
8.1 ± 0.8min, respectively. The maximum average value of
registration for upper torso versus lower extremities in dif-
ferent translation directions were 2.8mm versus 0.9mm for
pretreatment and 0.7mm versus 0.6mm for posttreatment,
respectively (Table 1(c)).

4. Discussion

This is a case of cutaneous T-cell lymphoma patient refractory
to multiple modality therapies with disease progression then
search for further management to avoid previous irradiation
area. TSEBT could be an efficient and tolerable palliative
treatment for patients with cutaneous manifestations of
advanced, therapy-refractory cutaneous T-cell lymphoma
[7]. Consensus guidelines for delivery of TSEBT have been
published by the European Organization for Research and
Treatment of Cancer (EORTC) [8].The EORTC recommends
a total dose of 31 to 36Gy prescribed to the skin surface to
produce a dose of at least 26Gy at a depth of 4mm in the
truncal skin along the central axis [8]. In the report byAnacak
and colleagues, data of thermoluminescent dosimetry (TLD)
measurements for TSEBT demonstrated that the dose in
homogeneity throughout the skin surface is around 15% [9].
However, for less radiosensitive skin lymphomas, ±15% in
homogeneity is not acceptable and innovative techniques are
required. In the current study, the doses were 110% (82.5 cGy)
at the surface and 100% (75 cGy) at a depth of 1 cm in the
HITS plan (Figures 2(a) and 2(b)), sparing the previously
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Figure 5: Laboratory results. No abnormal liver, renal, thyroid functions, or gonadotropin hormone were noted. Grade I anemia,
thrombocytopenia, and grade 3 leukocytopenia were noted during the HITS procedure. Two months later, she developed grade 4
pancytopenia but recovered to grade 3 leukocytopenia and thrombocytopenia in the 3rd month after the treatment was completed.

treated area and fitting the requirement of recommendtions
with high homogeneity.

The deviations of up to 40% occur from the prescription
dosage and the surface dose in homogeneity can vary asmuch
as 90% in body areas such as the perineum and eyelid [3].
Additionally, cutaneous tumors often exceed the 4mm depth
and are consequently underdosed when treated with TSEBT
alone. HT has advantages in irradiating extending area that
make it possible to replace total body irradiation with total
marrow irradiation, lowering the toxicities, and sparing crit-
ical organs [6]. Using these characteristics of HT, HITS pro-
vides dose homogeneity with precise depth penetration and
decreased toxicities. In the current study, the CTV included
the entire body surface system with subcutaneous 0.5 cm.
The maximum average value of registration for upper torso
versus lower extremities in different translation directions
were 2.8mm versus 0.9mm for pretreatment and 0.7mm
versus 0.6mm for posttreatment, respectively. Generous PTV
with a 0.5 cm margin, the shoulder with 0.8 cm margin, and
the anterior of the chest and abdomen with 1.0 cm margin
was acceptable for compensating the clinical setup variability
and breathing motion (Table 1(c)). The hypothetical bolus

was designed during HITS plan to avoid overhitting. Div-
ing suit and actual boluses were used in daily practice to
increase surface dose. Both hypothetical and actual boluses
contributed to skin doses of whole body delivering no more
than 125% and no less than 95%. The lowest and highest
doses of measurement were located in left anterior lower leg
(73.2 cGy) and upper-middle chest (92.6 cGy), respectively.
The mean dosage of lesions was 84.0 cGy and the dosage of
left side pretreated area was decreased 57% that was matched
with the planning expectation (Table 1(b)). Now we have the
possibility of replacing conventional TSEBT with HITS with
dose painting technique, while still achieving encouraging
results (Figures 1(h), 1(i), 4(a), 4(b), and 4(d)).

Common acute toxicities from TSEBT include pruritus,
dry desquamation, erythema, alopecia, xerosis, bullae of
the feet, edema of the hands and feet, hypohidrosis [10],
hyperpigmentation of the skin [7], phlyctenules [5], and
loss of fingernails and toenails [11, 12]. Rare acute side
effects include gynecomastia in men and mild epistaxis or
parotitis [11]. Long-term complications are typically mild and
may include permanent nail dystrophy, xerosis, telangiec-
tasias, partial scalp alopecia, and fingertip dysesthesias [8].
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Table 1: (a) The doses of organs at risk in helical irradiation of the total skin (HITS) with dose painting technique. (b) The surface doses of
skin from head to toes measured with radiochromic EBT2 film in helical irradiation of the total skin (HITS) with dose painting technique.
(c) The mean values of registration with pretreatment and posttreatment using kVCT-MVCT fusion for helical irradiation of the total skin
(HITS) with dose painting technique.

(a)

Critical organ D10 (Gy) D90 (Gy) Mean dose (Gy)
Whole brain 21.5 2.3 8.0
Brain stem 3.0 2.2 2.5
Spinal cord 4.1 3.5 3.8
Right lens 2.2 2.1 2.1
Left lens 2.3 2.1 2.2
Right eye 7.7 2.1 3.8
Left eye 6.9 2.3 4.1
Right parotid gland 33.8 17.5 29.3
Left parotid gland 33.7 21.7 29.9
Lips 21.8 11.0 15.8
Oral cavity 19.8 2.6 8.7
Pharynx 11.1 2.5 5.2
Larynx 31.8 11.8 23.2
Trachea 29.9 3.1 13.7
Thyroid 31.5 17.2 24.7
Esophagus-upper part 15.2 3.3 8.1
Esophagus-middle part 3.1 2.9 3.1
Esophagus-lower part 2.9 2.8 2.9
Right lung 6.9 3.2 4.7
Left lung 5.9 3.2 4.5
Whole lung 6.4 3.2 4.6
Heart 3.9 2.8 3.3
Liver 9.7 2.9 5.2
Spleen 15.0 3.6 6.8
Right kidney 4.4 3.3 3.9
Left kidney 5.1 3.3 4.3
Bladder 16.9 5.5 11.2
Rectum 20.4 4.1 8.5
Uterus and ovary 5.4 3.7 4.3
Cervix and vagina 25.5 4.4 15.7
Intestine 6.8 3.3 4.7
Stomach 4.3 3.0 3.6
Cervical spine 10.8 3.2 5.8
Thoracic spine 17.6 3.2 6.3
Lumbar spine 4.5 3.2 4.0
Sacrum 7.8 3.4 4.8
Right iliac crest 29.8 3.6 8.9
Left iliac crest 26.9 3.5 8.5
Right femur 31.4 6.9 12.3
Left femur 14.1 6.7 10.3
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(a) Continued.

Critical organ D10 (Gy) D90 (Gy) Mean dose (Gy)
Right pelvic bone 23.1 3.7 13.1
Left pelvic bone 22.5 3.5 12.2

D10: The dose received to 10% of the organ volume.
D90: The dose received to 90% of the organ volume.

(b)

Site Surface dose (cGy)/fraction Percentage of prescription dose
1st measurement 2nd measurement Average

Head
Vertex of head 77.2 74.7 76.0 101.3%
Occipital 82.4 80.6 81.5 108.7%
Forehead 76.2 83.7 80.0 106.6%

Neck
Anterior 73.2 73.9 73.6 98.1%
Posterior 99.8 85 92.4 123.2%

Chest
Middle, upper 94.6 90.5 92.6 123.4%
Middle, lower 94.7 86.3 90.5 120.7%
Right axillary 89.1 89 89.1 118.7%
Left axillary 88.9 89.8 89.4 119.1%
Previous treated area (Left flank) 32.1 32.9 32.5 43.3%

Back
Middle, upper 88.4 85.4 86.9 115.9%
Middle, lower 92.2 85.4 88.8 118.4%

Abdomen
Middle, anterior 88.9 90.4 89.7 119.5%
Middle, posterior 99.4 86.3 92.9 123.8%

Upper extremities, right
Upper arm 76.7 81.8 79.3 105.7%
Elbow 97.3 86.1 91.7 122.3%
Hand 84.8 80.1 82.5 109.9%
Fingers 84.7 87.1 85.9 114.5%

Upper extremities, left
Upper arm 81.1 87.9 84.5 112.7%
Elbow 88.2 90.8 89.5 119.3%
Hand 86.2 84.5 85.4 113.8%
Fingers 85.3 87 86.2 114.9%

Right side of lower extremities
Thigh, anterior 88 76.8 82.4 109.9%
Thigh, posterior 87.5 70.9 79.2 105.6%
Thigh, medial 88.8 76.1 82.5 109.9%
Lower leg, anterior 80.8 70.4 75.6 100.8%
Lower leg, posterior 82.3 64 73.2 97.5%
Foot 78 77.8 77.9 103.9%
Toes 90.5 88.9 89.7 119.6%
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(b) Continued.

Site Surface dose (cGy)/fraction Percentage of prescription dose
1st measurement 2nd measurement Average

Left side of lower extremity
Thigh, anterior 86.1 74.3 80.2 106.9%
Thigh, posterior 99.6 82.4 91.0 121.3%
Thigh, medial 78 84.7 81.4 108.5%
Lower leg, anterior 81.9 61.7 71.8 95.7%
Lower leg, posterior 86.7 67.1 76.9 102.5%
Foot 79.1 83.2 81.2 108.2%
Toes 89.3 90.2 89.8 119.7%

Lesions
Right ear lesion 85.5 74.6 80.1 106.7%
Left ear lesion 83.5 89 86.3 115.0%
Right neck lesion 92.1 78.3 85.2 113.6%
Lift neck lesion 94.4 76.7 85.6 114.1%
Buttock 75.8 71.3 73.6 98.1%
Vulva 89.5 82.4 86.0 114.6%
Right abdominal mass 91.5 87.2 89.4 119.1%
Right wrist 91.8 80.0 85.9 114.5%

(c)

Shift Pretreatment Posttreatment
Upper torso Lower extremities Upper torso Lower extremities

Lateral (mm) −2.76 ± 0.75 0.86 ± 1.18 −0.24 ± 0.37 0.61 ± 1.41

Longitudinal (mm) 0.72 ± 2.29 −0.01 ± 2.04 −0.74 ± 1.61 0.22 ± 2.18

Vertical (mm) 0.18 ± 2.17 −0.06 ± 1.99 0.28 ± 0.67 0.09 ± 1.00

Roll (degree) 0.14 ± 0.28 0.09 ± 0.10 −0.16 ± 0.32 −0.03 ± 0.09

Young patients should be thoroughly counseled regarding
risks of gonadal toxicity [13]. In addition, a grade 3 erythema
with bullous reaction during TSEBT was recorded in 26–
32% of the cases [5, 7, 14]. The central CCCB techniques in
HITS planning restrict the photon beams delivering obliquely
and reduced doses of OARs (Figure 2(c)). The mean doses of
thyroid, lung, liver, right kidney, left kidney, intestine, and
uterine and ovary were 24.7, 4.6, 5.2, 3.9, 4.3, 4.3, 4.7, and
4.3Gy, respectively (Table 1(a)). On the other hand, most
of the toxicities during and after HITS are grade 1 with
complete recovery. No destruction of the liver, renal, thyroid
or gonadotropin functions was noted (Figure 5).

For TSEBT combined with photon beam irradiation,
hematological complications related to the photon were a
concern. Maingon and colleagues [5] noted myelosuppres-
sion (grade 2 WHO) in 17 cases. Additionally, after total
body irradiation, 2/20 patients had a neutropenia below 500
granulocytes reversible without complication. Using HITS
techniques, the hematological complications were reversible.
Hematopoietic damages were treated with supportive mea-
sures including hematopoietic CSF [15], steroids [16], antiox-
idants [17], oral glutamine [18], and yeast-derived 1,3/1,6
glucopolysaccharide [19] to stimulate the granulocytes (neu-
trophils and eosinophils), monocytes, macrophages, and NK
cell production and to modulate the immune system. The

mean doses to the bone marrows (BMs) of the cervical,
thoracic, and lumbar spine, sacrum, and bilateral iliac bone
were 5.8, 6.3, 4.0, 4.8, and 8.7Gy, respectively. In the future,
the constraints for these BMs in the HITS plan should be
stricter to diminish the possibility of hematological damages.

5. Conclusion

To our best knowledge, this is the first report of cutaneous
T-cell lymphoma treated with HITS techniques to alternate
TSEBT. HITS with dose painting techniques provide pre-
cise dosage delivery with impressive results, sparing critical
organs, and offering limited transient and chronic sequela for
advanced, previously locally irradiated, therapy-refractory
cutaneous T-cell lymphoma. The proposed technique could
be considered an acceptable alternative to TSEBT once the
techniques are further improved to avoid the hematologic
complications. Long-term followup is needed to confirm
these preliminary findings.
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Impaired heart rate variability (HRV) has been demonstrated as a negative survival prognosticator in various diseases. We
conducted this prospective study to evaluate how HRV affects brain metastasis (BM) patients. Fifty-one BM patients who had
not undergone previous brain operation or radiotherapy (RT) were recruited from January 2010 to July 2012, and 40 patients were
included in the final analysis. A 5-minute electrocardiogramwas obtained before whole brain radiotherapy. Time domain indices of
HRV were compared with other clinical factors on overall survival (OS). In the univariate analysis, Karnofsky performance status
(KPS) <70 (𝑃 = 0.002) and standard deviation of the normal-to-normal interval (SDNN) <10ms (𝑃 = 0.004) significantly predict
poor survival. The multivariate analysis revealed that KPS <70 and SDNN <10ms were independent negative prognosticators for
survival in BM patients with hazard ratios of 2.657 and 2.204, respectively. In conclusion, HRV is associated with survival and may
be a novel prognostic factor for BM patients.

1. Introduction

Brain metastasis (BM) is the most common intracranial
malignancy, developing in 20%–40% of all cancer patients
during the course of the disease. Typical BM treatments
include surgical resection, stereotactic radiosurgery, and
whole brain radiotherapy (WBRT) [1]. Medical professionals
should choose a treatment according to the survival prog-
nosis of the patients [2]. A widely used prognostic index,
referred to as the radiation therapy oncology group recursive
partitioning analysis (RPA) classification, was published by
Gasper et al. [3] in 1997. Based on the RPA, patients are clas-
sified into 3 categories: RPA I includes patients who are <65
years old, with a Karnofsky performance status (KPS) ≥70, a
controlled primary, and no extracranial metastasis; RPA III
includes patients who demonstrate a KPS <70; all remaining
patients are classified as RPA II [3]. Since 1997, several prog-
nostic indices have been proposed, assessing the number of

metastatic brain lesions, the largest intracranial lesion size,
and the systemic disease status [4–6]. Although these prog-
nostic indices are widely used in clinical settings, substantial
proportion of erroneous survival prediction exists, for exam-
ple, those reported by Nieder and Molls and Villà et al. [7, 8].
Erroneous prediction can eventually lead to an inadequate
choice of treatment [7, 9]. Therefore, it is worthwhile to seek
a novel parameter that accurately predicts survival in BM
patients.

Heart rate variability (HRV) is a well-known physiolog-
ical phenomenon in which the time interval between heart
beats varies; in other words, the normal-to-normal beat (NN)
interval sporadically varies. The HRV reflects the complexity
of the physiological system that controls homeostasis in the
human body. Numerous methods have been proposed to
quantify and analyze the HRV, and time domain measures
are widely applied. By using the standardized time domain
analysis [10], several HRV indices can be generated from
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the electrocardiogram (ECG), such as the standard deviation
of the NN interval (SDNN), root mean square standard devi-
ation of the NN interval (RMSSD), triangular interpolation
of the NN interval histogram (TINN), number of pairs of
adjacent normal-to-normal intervals differing by more than
50ms (NN50), and the proportion of NN50 divided by total
normal-to-normal intervals (pNN50) [10].

Previous studies have demonstrated that HRV provides a
prognosis for various diseases including myocardial infarc-
tion, diabetes mellitus, and infection and can be used to
attain the prognostic outcome in intensive care units [11–14].
Recently, scholars have examined how HRV affects cancer
patients. Couck and Gidron and Kim et al. demonstrated
that cancer patients possess a relatively lower HRV compared
with that of healthy people [15, 16]. Among cancer patients,
advanced stage patients possess a lower HRV than do those
in the early stages of cancer [15]. In addition, Mouton et al.
showed that low level of HRV can predict subsequent cancer
progression by examining the increasing tumor markers [17].
Furthermore, impaired HRV has been correlated with a
short survival time and is a poor prognosticator in patients
with advanced cancer [16, 18, 19]. Although these studies
have established the relationship between HRV and cancer
survival, the effects of HRV on BM patients remain uninves-
tigated.

Based on the need for a novel prognosticator of BM
patients survival, and the significant relationship between
HRV and cancer survival, we conducted this prospective
study to evaluate the hypothesis that time domain HRV
indices are associated with survival and can be used as a
prognostic factor in BM patients.

2. Materials and Methods

2.1. Patients. This prospective study was conducted between
January 2010 and July 2012. Patients who were diagnosed
with metastatic brain cancer and referred for palliative
WBRT were enrolled in the study. To minimize the potential
influence of medical treatments on HRV, patients who took
antihypertensive drugs, sedatives, or antiarrhythmic drugs
were excluded from the study. Patients who had undergone
previous central nervous system or chest operation or radio-
therapy (RT) were also excluded. For the limitation of HRV
processing, patients with arrhythmia or too many prema-
ture ventricular contractions (defined as >1% of all beats)
in the ECG recordingwere included in the study but excluded
from the following analysis. The brain metastases were con-
firmed using contrast-enhanced magnetic resonance images
or computed tomography (CT) scans. All patients under-
went complete physical examination and ECG examination
before WBRT was initiated. All clinical factors, previous
local/systemic cancer treatment histories, and brain images
were carefully reviewed for each patient. The study protocol
was approved by the Institutional Review Board of Chang
Gung Memorial Hospital (98-3760B), the study design was
explained to each patient, and awritten informed consentwas
obtained from all participants.

2.2. ECG Acquisition and Analysis. The ECG examinations
were performed before the WBRT was initiated. The ECGs
were executed after the patients had rested for 5 minutes in a
quiet examination room in the supine position, and after their
heartbeats and respiration rhythms had stabilized. The ECG
signals were acquired using a commercialized ECG recorder
(MyECG E3-80 portable ECG recorder; MSI, New Taipei
City, Taiwan) for 5 minutes. The digital signals were saved at
12-bit resolution and a sampling rate of 1000Hz. Next, the R
peak of each valid QRS complex was detected using MyECG
E3-80 portable ECG software (MSI, New Taipei City, Taiwan)
and labeled with a time stamp. The time intervals between
successful adjacent R peaks were collected for the normal-to-
normal R-R interval time series. The time series were subse-
quently calculated using the same software according to the
recommendations of the Task Force of the European Society
of Cardiology and the North American Society of Pacing and
Electrophysiology [10]. By using the time domain HRV anal-
ysis, several parameters were generated for further analysis
including the SDNN, RMSSD, TINN, NN50, and pNN50.
Because no previous reference could be used to stratify the
BM patients, the values of the lower one-third of SDNN and
RMSSD were used as the cutoff values for prognostic stratifi-
cation.

2.3. Radiotherapy Treatment and Follow-Up. All patients
were simulated by a CT simulator with slice thickness of
3.75mm in supine position and immobilized with a thermo-
plastic cast. Then, patients underwent WBRT using 6- or 15-
megavoltage photon irradiated via a conventional bilateral
opposed helmet field. The radiotherapy dose to the whole
brain was 30Gy to 37.5Gy in 10 to 15 daily fractions, 5
fractions per week. After completing the RT course, patients
were followed at 1-2-month intervals with regular brain image
surveys until their death. Patients who were unable to present
at the out-patient clinic were contacted by telephone.

2.4. Evaluation of the Prognostic Factors and Statistics. The
clinical factors of the patients were categorized in accordance
with previously published articles [3–6]. In addition, the
HRV indices including the SDNN and RMSSDwere included
for survival analysis. The overall survival (OS) was analyzed
using the Kaplan-Meier method, and the log-rank test was
used to evaluate statistical differences. Amultivariate analysis
was conducted for all factors by using the Cox’s propor-
tional hazard regressionmethod. A significant difference was
defined as 𝑃 < 0.05. The analyses were all performed using
the SPSS Statistics, version 17.0 (SPSS, Chicago, IL).

3. Results

3.1. Demographic Data and ECG Analysis. After the first
phase of recruitment, the study comprised 51 patients. We
excluded 11 patients (21.6%) with arrhythmias or with >1%
premature ventricular contractions; thus, 40 patients were
included in the final study.

The median age of our study participants was 61 years
(range: 39–75). The most common primary cancers among
these participants were nonsmall cell carcinoma originating
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Table 1: Baseline patient characteristics (𝑛 = 40).

Characteristics No. (%)
Gender

Female 21 52.5%
Male 19 47.5%

Age
Median (range) 61 (39–75)
<65 24 60.0%
≥65 16 40.0%

Primary
NSCLC 24 60.0%
SCLC 6 15.0%
Breast cancer 4 10.0%
Others 6 15.0%

BM at diagnosis
Not 23 57.5%
Yes 17 42.5%

KPS
Median (range) 70 (30–80)
<70 16 40.0%
≥70 24 60.0%

Extracranial metastasis
Without 7 17.5%
With 33 82.5%

Primary status
Not controlled 35 87.5%
Controlled 5 12.5%

RPA Class
I 1 2.5%
II 23 57.5%
III 16 40%

NSCLC: Nonsmall cell lung cancer, SCLC: small cell lung cancer, BM at
diagnosis: brain metastases confirmed at primary diagnosis, KPS: Karnofsky
performance status, and RPA: recursive partitioning analysis.

from the lung (24/40) followed by small cell lung cancer
(6/40) and breast cancer (4/40). Sixteen patients possessed
confirmedbrainmetastases confirmed at the time of their pri-
mary cancer diagnosis. Most of the patients presented extra-
cranial metastases, and their primary sites were not con-
trolled. Only 1 patient was classified as RPA class I (Table 1).

3.2. HRVAnalysis. Table 2 lists the results of the time domain
HRV analysis. Because the NN50 was 0 in 28 patients, the
NN50 and pNN50 indices were excluded from the analysis.
An SDNN<10ms or≥10ms andRMSSD<7ms or≥7mswere
used as prognostic factors in the survival analysis.

3.3. Overall Survival and Prognostic Factors. The status of
each patient was tracked until death or until the end of
the study. At the end of the final analysis in March 2013,
7 patients remained alive. The median follow-up time for
all patients was 3.80 months, and it was 10.16 months for
the patients who remained alive. In the univariate analysis,
only the KPS <70 (𝑃 = 0.002; Figure 1) and SDNN <10ms
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Figure 1: Overall survival of all patients stratified by KPS <70 or
KPS ≥70.
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Figure 2: Overall survival of all patients stratified by SDNN <10ms
or SDNN ≥10ms.

(𝑃 = 0.004; Figure 2) showed significance for OS (Table 3).
Themultivariate analysis further confirmed that the KPS <70
(𝑃 = 0.022) and SDNN<10ms (𝑃 = 0.039) were independent
prognosticators of OS, exhibiting hazard ratios of 2.657 (95%
CI: 1.153–6.123) and 2.204 (95% CI: 1.046–4.733), respectively
(Table 3).

4. Discussion

The results of this prospective study demonstrate that the
HRV index, comprising an SDNN cutoff value of 10ms, is
a novel prognosticator for BM patients, and is independent
from the commonly used prognostic indices. To the best of
our knowledge, HRV has not been previously documented
as a survival prognosticator for BM patients. Because HRV
assessment is standardized [10], simple, noninvasive, and cost
effective, the potential of this physiological measurement for
daily use warrants further investigation.
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Table 2: Time domain HRV analysis (𝑛 = 40).

HRV Indices Mean SD Median Lower one-third Upper one-third
Mean NN (ms) 733.58 136.04 712.50 669.00 788.54
SDNN (ms) 14.30 7.68 15.00 10.06 17.06
RMSSD (ms) 11.65 7.88 10.50 6.53 15.06
TINN (ms) 76.65 28.41 78.00 63.00 94.00
NN50 2.45 5.34 0.00 0.00 0.00
pNN50 (%) 0.63 1.33 0.00 0.00 0.00
HRV: heart rate variability, SD: standard deviation, NN: normal-to-normal interval, SDNN: standard deviation of normal-to-normal interval, RMSSD: root
mean square standard deviation of normal-to-normal interval, TINN: triangular interpolation of normal-to-normal interval histogram, NN50: number of
pairs of adjacent normal-to-normal intervals differing by more than 50ms, and pNN50: the proportion of NN50 divided by total normal-to-normal intervals.

Table 3: Prognostic factors for overall survival-univariate analysis and multivariate analysis.

Characteristics Univariate analysis Multivariate analysis
3M survival (%) 6M survival (%) Median survival (M) 𝑃 value HR (95% CI) 𝑃 value

Gender 0.711 0.604
Female 57.1 42.9 3.9 (—)
Male 47.4 35.5 2.0

Age 0.283 0.303
<65 54.2 45.8 3.9 (—)
≥65 50.0 29.2 2.6

Primary 0.160 0.333
NSCLC 54.2 48.5 3.7 (—)
Others 50.0 29.2 1.9

BM at diagnosis 0.996 0.775
No 50.0 36.7 2.3 (—)
Yes 56.3 37.5 3.7

KPS 0.002 0.022
<70 31.3 0.63 1.9 2.657 (1.153–6.123)
≥70 66.7 62.5 8.5 Reference

Extracranial metastasis 0.087 0.171
Without 71.4 57.1 21.4 (—)
With 48.5 36.4 2.6

Primary status 0.400 0.097
Not controlled 51.4 39.5 3.7 (—)
Controlled 60.0 40.0 3.9

SDNN (ms) 0.004 0.039
<10 30.8 15.4 1.8 2.204 (1.046–4.733)
≥10 63.0 51.4 8.0 Reference

RMSSD (ms) 0.100 0.868
<7 42.9 21.4 1.9 (—)
≥7 57.7 49.7 5.7

HR: hazard ratio, CI: confidence interval, NSCLC: Nonsmall cell lung cancer, BM at Diagnosis: brain metastases confirmed at primary diagnosis, KPS:
Karnofsky performance status, SDNN: standard deviation of normal-to-normal interval, and RMSSD: root mean square standard deviation of normal-to-
normal interval.

Among the participants, the median SDNN and RMSSD
were 15.0ms and 10.5ms, respectively. These values are
considerably lower than the publishedHRV SDNNdata from
health populations in previous studies [20, 21]. De Couck and
Gidron published a large series HRV evaluation of cancer
patients (𝑁 = 657) [15]. After analyzing 10-second ECG
recordings, the average patient SDNNvaluewas 21.65ms, and
the values for stage 3-4 patients were significantly lower than
those of stage 1-2 patients [15]. In addition, Kim et al. [16]

evaluated HRV in 68 terminal cancer patients who were
referred for hospice care. The median SDNN and RMSSD
were 14.40ms and 11.35ms, respectively [16]. The findings
in the current study are compatible to these findings, as the
patients demonstrated terminal statuses; extremely low HRV
values were expected.

However, the mechanism that directly causes the attenu-
atedHRV inBMpatients remains unclear. Twopossible ratio-
nales might explain the relationship: increased intracranial
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pressure (IICP) and the “vagal-cancer” relationship.The data
in previously published studies of brain injury patients have
demonstrated a significant correlation between intracranial
pressure (ICP) andHRV [22, 23]. In addition to ICPmonitor,
the authors in Winchell and Hoyt found that patients with
IICP had significant attenuated HRV indices, and low HRV
correlates with a poor outcome [23]. Biswas et al. reported
the same findings in pediatric brain injury patients [22]. The
current study did not involve evaluating ICP by the ICPmon-
itor; however, IICP caused by intracranial masses could be
expected because the BM patients had never undergone sur-
gical resection of their metastatic tumors. This could explain
their attenuated HRV.

The HRV reflects the dynamics of the complex physi-
ological system [10]. It has been demonstrated that vagus
nerve activity is highly correlated with HRV [24, 25]. Pre-
vious mouse model studies have demonstrated that induced
inflammation can cause attenuated HRV through the vagus
nerve [26]. It has also been reported that increased oxidative
stress is related to decreased HRV [27]. Furthermore, inflam-
matory reactions and excessive oxidative stress can predis-
pose cancer microenvironments and are related to impaired
vagus nerve activity [28]. Based on these previous studies, it
is reasonable to doubt that in patients who exhibit a dissem-
inated cancer status and a global physiological environment
altered by the cancer, HRV could be attenuated as a conse-
quence of impaired vagus nerve activity. This “vagal-cancer”
relationship may explain the low HRV levels in BM patients.

In this study, several time domain HRV indices, such as
the TINN, NN50, and pNN50, were not employed for sur-
vival analysis.TheTINN is an unreliable index for the current
study, because a 5-minute ECG recording was not sufficiently
long to evaluate this index [10]. The NN50 and pNN50 were
not evaluated because 28 patients lacked NN intervals larger
than 50ms (NN50 = 0 and pNN50 = 0).

There are several limitations in this preliminary report.
First, the study populationwas heterogeneous, andwe cannot
conclude how SDNN would perform in different patient
subgroups. Additional studies focusing on these differences
are required. Second, the metastatic location was not consid-
ered. Although previous study has indicated that intracranial
metastatic location is not a survival prognosticator [3] the
relationship between intracranial location and HRV remains
unknown. We were unable to perform additional analysis
because 31 of the participants presented both supratentorial
and infratentorial lesions; this issue should be investigated in
future studies.Third, the sample size was not sufficiently large
and was relatively small compared to previously published
studies on BM prognosis [3–6]. The limited number of cases
may explain why several documented prognosticators, such
as controlled primary, extracranial metastasis, and age, did
not exhibit significance in terms of survival. To validate
our findings regarding HRV and BM prognosis, additional
large-scale studies are warranted. Finally, the HRV analysis
is limited to patients who present arrhythmias and ectopic
beats, and 21.6% of the patients were not analyzed for HRV.
Therefore, alternativeHRVanalysis tools should be sought for
these patients.

In conclusion, the association of HRV as a survival prog-
nosticator in BM patients is studied. The results suggested
that SDNN <10ms may be an independent negative prog-
nosticator of survival. Additional large-scale studies are war-
ranted to evaluate the clinical application of SDNN in the risk
stratification of BMpatients and as a possible guide for select-
ing treatment options.
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To compare the outcomes of melphalan 200mg/m2 (HDM200) and 8Gy total marrow irradiation (TMI) delivered by helical
tomotherapy plus melphalan 140mg/m2 (HDM140 + TMI 8Gy) in newly diagnosed symptomatic multiple myeloma (MM)
Asian patients. Between 2007 and 2010, nine consecutive myeloma patients who were scheduled to undergo autologous stem cell
transplantation (ASCT) were studied.The patients received three cycles of vincristine-adriamycin-dexamethasone (VAD) regimen
as induction chemotherapy, and if they had a partial response, peripheral blood stem cells were collected by dexamethasone-
etoposide-cyclophosphamide-cisplatin (DECP). In arm A, six patients received the HDM200. In arm B, three patients received
HDM140 + TMI 8Gy. In arm B, the neutropenic duration was slightly longer than in arm A (𝑃 = 0.048). However, hematologic
recovery (except for neutrophils), transfusion requirement, median duration of hospitalization, and the dose of G-CSF were similar
in both arms. The median duration of overall survival and event-free survival was similar in the two arms (𝑃 = 0.387). As a
conditioning regiment, HDM140 + TMI 8Gy provide another chance for MM Asian patients who were not feasible for HDM200.

1. Introduction

The outcome of autologous stem cell transplantation (ASCT)
patients for newly diagnosed multiple myeloma (MM) is
superior to that of patients receiving conventional chemo-
therapy [1–3]. Attal et al. [1] reported that 8Gy total body
irradiation (TBI) plus 140mg/m2 intravenous melphalan
(HDM140) improved the response rate and overall survival
compared with conventional chemotherapy in patients with
MM.The impact of complete response (CR) achievement has
been shownwith high dose preconditioning [1, 2]. To improve

survival, the objective is to increase CR rates before autolo-
gous stem cell transplantation (ASCT); a total of 200mg/m2
melphalan (HDM200) without TBI is an alternative method
[2–4]. The Intergroupe Francophone du Mye’lome (IFM)
9502 trial compared the conditioning regimen 8Gy TBI +
HDM140 and HDM200 without TBI followed by ASCT [5].
The results revealed that HDM200 could be an alternative
conditioning regimen for MM.

The complications cause by TBI have been reported. The
pulmonary complications were concerned by TBI position,
with beam energy (𝑃 = 0.02) [6] and the absence of lung
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shielding [7]. Helical tomotherapy (HT, Tomotherapy Hi-
Art System, v. 3.2.2.35., TomoTherapy Inc., Madison, WI) is
new CT-based rotational intensity modulated radiotherapy.
Total marrow irradiation (TMI) with HT is designed to avoid
the complications of TBI while achieving the effectiveness of
TBI. Dosimetric studies showed reduced doses to adjacent
critical normal organs reduced toxicity after TMI [8–10]. The
advantages, acute toxicities, initial clinical experiences, and
challenges of TMI were reported recently [10–12].

Recently, we reported the Asian experience with treating
newly diagnosed MM patients with 8Gy TMI by HT plus
HDM140 [10]; patients subsequently received maintenance
therapy with thalidomide [13] and dexamethasone.We found
that HDM140 + TMI 8Gy regimen was an acceptable condi-
tioning regimen for MM patients. The preliminary outcomes
were similar for Asians as for other races. In the current
follow-up study, we compared the acute and early chronic
toxicities, CR rates, very good partial response (VGPR)
rates, and early results of progression-free survival (PFS) and
overall survival (OS) in patients treated with HDM140 + TMI
8Gy or HDM200 without TBI followed by ASCT.

2. Materials and Methods

2.1. Patient Characteristics. We enrolled nine consecutive
myeloma patients who underwent ASCT at Far Eastern
Memorial Hospital (diagnosed between 2007 and 2010).
Eligibility criteria included age less than 65 years and sympto-
matic MM. Patients were excluded if they had the following:
(1) stable stage I MM (Durie-Salmon classification [14]); (2)
previous cytotoxic chemotherapy or radiotherapy; (3) severe
abnormalities of cardiac, pulmonary, or hepatic function;
or (4) serum creatinine levels >2mg/dL. All patients gave
informed consent, and the study was approved by the institu-
tional ethics committee of the Far EasternMemorialHospital.

2.2. Autologous Stem Cell Transplantation Regimen. The
treatment protocol was modified from the Intergroupe Fran-
cophone du Myélome 9502 randomized trial [5]. Briefly, the
patients received three cycles of the vincristine-adriamycin-
dexamethasone (VAD) regimen, as in the trial (Figure 1).
If they achieved a partial response (M-protein reduced by
<50%), then they received one course of dexamethasone-
etoposide-cyclophosphamide-cisplatin (DECP) with granu-
locyte colony-stimulating factor (G-CSF) mobilization. Two
weeks later, peripheral blood stem cells (PBSCs) were
collected. Stem cells were collected after G-CSF priming
(10 𝜇g/kg/d) in steady state [15]. Daily apheresis was con-
tinued until at least 2 × 106 CD34 cells per kilogram were
collected. No CD34+ selection was performed. Two weeks
after PBSC collection, the evaluation for ASCT was done.
If cardiopulmonary, hepatic, and renal functions remained
adequate, the patients received HDM140 + TMI 8Gy or
HDM200; the time from pre-HSCT evaluation to start of
HDM140 + TMI 8Gy or HDM200 (preconditioning) treat-
ment was about 4 weeks. All of the patients received thalido-
mide for maintenance therapy after stem cell transplantation.

In arm A, HDM200 was administered for two days by
infusion over 30 minutes. In arm B, patients received 8Gy
TMI by HT delivered in four fractions over a 4-day period
(days 6, 5, 4, and 3) plus HDM140. HDM140 was adminis-
tered for two days by infusion over 30 minutes, too. PBSC
transplantation was performed on day 0. Hematopoietic
growth factor support with G-CSF was provided on day 5
after transplantation until granulocyte recovery [5].

Thalidomide (50–200mg/d) was started 100 days or later
after TMI and was continued for 6 months following the
achievement of complete remission, or for at least 12 months
for patients with persistent evidence of residual disease [13].

2.3. Radiotherapy Technique. Details of the HT technique
have been previously published [10]. Briefly, An AccuFix
Cantilever Board (WFR/Aquaplast Corporation and Q-Fix
Systems, LLC,Wyckoff, New Jersey, USA) with thermoplastic
fixation or type-S thermoplastics head frame (MT-CHFN-C,
Civco MedTec, Kalona, Iowa, USA) with mold care cushion
was used for head and shoulder immobilization. A BlueBAG
BodyFIX total body cushion system (Medical Intelligence,
Schwabmünchen, Germany), which used a vacuum to pro-
duce a uniform pressure, was used to fix the main trunk and
extremities in place.

The radiotherapy was planned with patients in a supine
position for head-first upper torso therapy and with feet-
first lower extremity therapy. The planning CT images were
performed using dual source CT (Siemens SOMATOM
Definition, Siemens Healthcare, Erlangen, Germany) where
three sets of images were acquired during normal breathing,
inspiration, and shallow expiration for the upper torso.

All of the CT images were sent to the Pinnacle3 Treatment
Planning System (Philips Healthcare, Madison, Wisconsin,
USA) for contouring. The clinical target volume (CTV)
included the entire skeletal system.Themargins for the plan-
ning target volume (PTV) were 0.8 cm for CTV extremities
and 0.5 cm for all other bones of the CTV. The organs at risk
(OAR) included the brain, optic nerves, lenses, eyes, parotid
glands, oral cavity, thyroid gland, bilateral lungs, esophagus,
heart, liver, spleen, pancreases, kidneys, bowel, bladder,
and reproductive organs. After contouring the targets and
critical organs, the images and structure set were sent to
the Tomotherapy Hi-Art Planning Station for processing
(Tomotherapy, Inc., Madison, Wisconsin, USA).

Theprescription dosewas 200 cGy per day (in 4 fractions)
for a total dose of 800 cGy to the PTV. For the planning
objective, at least 95% of the volume of PTV was to receive
800 cGy, with the mean dose to the OAR reduced to 50% of
the prescribed dose. The field width, pitch, and modulation
factor (MF) used for the treatment planning optimization
were 2.5 cm, 0.32, and 3.0 for the upper torso and 5.0 cm, 0.4,
and 2.0 for the lower extremities, respectively.

2.4. Follow-Up andResponse Criteria. Mandatory evaluations
included physical assessment, routine hemogram, and com-
prehensive chemistry panel, serum protein electrophoresis
every 3 months, and bone radiographs and bone marrow
biopsies at 30 days and 6 and 12 months post-TMI or
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VAD: vincristine-adriamycin-dexamethasone
TMI: total marrow irradiation

ASCT: autologous stem cell transplantation

Evaluate response Stem cell collection Pre-ASCT evaluation

ASCT

Arm B: TMI: 800 cGy + HDM140

Arm A: HDM200
Maintenance therapy:

thalidomide 

HDM 140: high-dose melphalan 140 mg/m2

HDM 200: high-dose melphalan 200 mg/m2

VAD ×3

Figure 1: Study design profile.

HDM200 and yearly thereafter. Toxicity of treatment was
scored according to the Common Terminology Criteria for
Adverse Events v3.0. Complete response (CR) was defined as
the absence of serum and urinary M-protein and no more
than 5% plasma cells on bone marrow. Very good partial
response (VGPR) was defined as 90% or greater decrease in
bonemarrow plasma cells and bloodM-protein levels. Partial
response (PR)was defined as 50%or greater decrease in blood
and bone marrow findings. Stable disease was defined as less
than 25% decrease in blood and bone marrow findings for
a minimum of 3 months. Progression was defined as greater
than 25% increase in M protein, greater than 25% increase in
bone marrow plasma cells, or new bone lesions [11].

2.5. Analysis. Descriptive statistical analyses were applied for
patient and disease characteristics, treatment features, and
toxicity. All analyses were performed using the SPSS, version
12.0 (SPSS, Chicago, IL, USA).

3. Results

3.1. Patient Population. Nine patients were enrolled between
2007 and 2010. In arm A, six patients received the common
conditioning regimen of 200mg/m2 melphalan. In arm B,
three patients received the new regimen of 8Gy TMI plus
140mg/m2 melphalan. All of the patients received thalido-
mide for maintenance therapy after stem cell transplantation.

Patient characteristics for the nine patients are given in
Table 1. The median age was 54 for arm A (range: 47–62) and
55 for arm B (range: 55–56). The majority of patients were
treated for stage III disease. No patient had received prior
radiotherapy.

3.2. Response to Induction VADRegimen andHDT. In armA,
one patient achieved CR and the other one achieved VGPR
before ASCT. In arm B, one patient achieved VGPR before
ASCT. For arm A versus arm B, the CR rate to HDT was
1/6 versus 1/3; the VGPR rate to HDT was 4/6 versus 1/3; the
medianOS andPFSwere 1223 versus 1556 days and 982 versus
1101 days, respectively (Table 2). The PFS was similar in the

two arms (𝑃 = 0.387, Figure 2). Each group had one patient
death due to disease progression.

3.3. Toxicities. Table 3 illustrates engraftment, hospitalization
time, and transplantation-related toxicities. In arm B, the
duration of neutropenia was one day longer than in arm
A (𝑃 = 0.048, Table 3). Similar side effects were noted
in the two groups. However, arm B experienced a shorter
duration of thrombocytopenia, fewer platelet and red blood
cell transfusions, and a shorter duration of intravenous
antibiotic therapy than in arm A.

4. Discussion

In newly diagnosed patients with MM treated with high-
dose radiotherapy, the goal of the conditioning regimen is
to achieve the best response rate with the least toxicity.
The most widely used conditioning regimens are HDM200
and HDM140 + TBI [16]. The Intergroupe Francophone
du Myélome 90 trial prospectively compared conventional
chemotherapy with high-dose radiotherapy [1]. In this
trial the conditioning regimen consisted of 8Gy TBI plus
HDM140. The CR rate after intensive therapy was 22%, and
the response rate, event-free survival, and overall survival
in patients with MM were improved. Furthermore, Moreau
et al. [5] compared HDM200 and HDM140 + 8Gy TBI
as conditioning regimens for peripheral blood stem cell
transplantation in patients with newly diagnosed MM. They
reported that HDM200 could be an alternative conditioning
regimen for MM.

The pulmonary complications were statistically increased
by prone and supine versus lateral TBI position (𝑃 = 0.02)
and with 15MV versus 9MV beam energy (𝑃 = 0.02) [6].
A conditioning regimen of 12Gy TBI in 6 daily fractions
induces an interstitial pneumonitis incidence of about 11%
in the absence of lung shielding [7]. Fatal interstitial pneu-
monitis using hyperfractionated TBI with standing position
was still as high as 18% [17]. Compared with TBI technique,
doses to the sensitive organs in TMI techniques were reduced
by 15%–70% of the target dose [11, 18] or 1.7- to 7.5-fold
reduction in median organ doses [8]. Somlo et al. [12]
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Table 1: Main characteristics at diagnosis of the nine patients according to treatment group.

Arm A (𝑛 = 6) Arm B (𝑛 = 3) 𝑃

Age 54 (47–62) 55 (55-56) 1.000
Gender

Female 3 (50%) 2 (67%) 0.595
Male 3 (50%) 1 (33%)

Durie-Salmon stage
2A 1 (17%) 0

0.6433A 3 (50%) 3 (100%)
3B 2 (33%) 0

M component
IgG 4 (67%) 3 (100%) 0.417
LCD 2 (33%) 0

Hemoglobin 6.6 (5.5–12.5) 9.6 (8.4–11.1) 1.000
Serum calcium 8.75 (7.6–9.4) 9.6 (8.7–11.2) 1.000
Serum creatinine 1.74 (0.62–3.86) 0.93 (0.8–1.1) 0.524
Serum B2-microglobulin 2637 (1890–3033) 2143 (1515–3376) 1.000

Table 2: Response to induction vincristine-adriamycin-dexamethasone (VAD) regimen and high dose therapy (HDT).

Arm A Arm B 𝑃

Median no. of course of VAD (range) 3 (3-4) 3 (3) 1.000
Response to VAD 1.000

CR 1 0
VGPR 1 1
PR 4 2

Median no. of CD34 (106/kg) infused (range) 6.75 (3.6–9.14) 4.9 (4.12–6.21) 0.167
Response to HDT 1.000

CR 1 1
VGPR 4 1
PR 1 1

Toxic death 0 0 1.000
Death due to disease progress 1 1 1.000
Overall survival, day (median) 1223 (709–1659) 1566 (737–2160) 0.515
Progression-free survival, day (median) 982 (607–1456) 1101 (677–1475) 0.387
CR: complete response; VGPR: very good partial response; PR: partial response.

Table 3: Engraftment, hospitalization time, and transplantation-related toxicity.

Arm A Arm B 𝑃

Dose of G-CSF (median) 2675 (18 K–36K) 2600 (15 K–39K) 1.000
Duration of neutropenia, day (median) 9.5 (6–19) 10.7 (10-11) 0.048∗

Duration of thrombocytopenia, day (median) 16.2 (7–23) 11.3 (10–13) 0.167
No. of platelet transfusions (median) 42 (24–72) 24 (12–36) 1.000
No. of red blood cell transfusions (median) 2.3 (0–8) 1.3 (0–4) 1.000
Duration of hospitalization, day (median) 28.2 (26–32) 29.7 (28–31) 0.226
Duration of intravenous antibiotics, day (median) 5.2 (0–13) 3.3 (0–10) 1.000
∗: 𝑃 value < 0.05.
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Figure 2: Cumulative (Cum) survival curves for patients treated
with HDM200 or HDM140 + TMI 8Gy. Curve for progression-
free survival (according to treatment group) was illustrated. Cum
survival: Cumulative survival.

reported that the estimated median radiation dose to normal
organs was 11% to 81% of the prescribed marrow dose. In
our previous report, the dose reduction of TMI tomotherapy
to various OARs of head, chest, and abdomen relative to
TBI varied from 31% to 74%, 21% to 51%, and 46% to 63%,
respectively [10]. The potential advantages, acute toxicities,
initial clinical experiences, and challenges of this approach
were reported recently [11]. The maximum tolerated dose
for TMI was 1,600 cGy (200 cGy twice daily × 4 days) [12].
Under these doses, grade 3 or 4 nausea/emesis, fatigue, and
metabolic abnormality were 2/22, 2/22, and 4/22, respectively
[12]. Wong et al. [8] reported that grade 2 nausea and
grade 1 emesis occurred only briefly on day 2 of TMI. Skin
erythema, oral mucositis, esophagitis, and enteritis were not
observed. In our previous experience of TMI treatment,
one with grade 1 vomiting, two with grade 1 nausea, one
with grade 1 mucositis, and three with grade 1 anorexia
were noted [10]. These data hit the potential dosimetric and
clinical advantages of TMI. Interestingly, the outcomes for the
HDM200 and HDM140 + TMI 8Gy conditioning regimens
for MM are still inconclusive. In the current study, the CR
and VGPR rates for arm A and arm B were 16.7% and
33.3%, 66.7% and 33.3%, respectively. The median OS and
PFS were 1223 versus 1556 days and 982 versus 1101 days,
respectively (Table 2). Additionally, the PFS rate was similar
(Figure 2).With similar results as HDM200, HDM140 + TMI
8Gy provide another chance to think about for MM Asian
patients who were not feasible for HDM200. However, the
lower relapse probability is noted in the patients receiving the

higher dose of total body irradiation [19, 20]. In the current
study, the dose of TMI is only 8Gy. There still are spaces to
titrate the radiation dose for the Asian in the future.

Thalidomide has a broad spectrum of activities in mul-
tiple myeloma and is considered to improve event-free
survival and OS [13, 21, 22]. The multiple effects include
direct inhibition of myeloma cell growth and survival, direct
stimulation of the cellular immune system, modulation of
integrins compromising the adhesive interactions between
the myeloma cells and bone marrow stroma, and antian-
giogenic effects [23–25]. Previous studies demonstrated the
impact of thalidomide maintenance of response after stem
cell transplantation that improved event-free survival, com-
plete response rate, and PFS rate [26–29]. In the current
study, since the median PFS was similar between the groups,
HDM140 + TMI 8Gy appears to be as effective as HDM200
for Asians with MM.

Compared with HDM200, HDM140 + TBI had a greater
toxicity regarding severe mucositis, duration of neutropenia
and thrombocytopenia, number of red blood cell and platelet
transfusions, number of days on antibiotics, and duration of
hospitalization [5]. In the total therapy program, Barlogie
et al. [30] used HDM200 for the second transplantation in
responding patients. They found that HDM140 + 8.5- to 10-
Gy TBI was quite toxic, and only 10% of the patients had no
serious extramedullary toxicity. Treatment-related mortality
was 2% with the second autotransplantation using HDM200
alone and rose to 5%with addedTBI. In another retrospective
evaluation, the duration of hospitalization was significantly
reduced in the HDM200 cohort compared with HDM140 +
TBI orHDM140 + busulfan cohort [16]. No treatment-related
mortality was noted in the current study. In addition, there
were no statistically significant differences between groups
for engraftment, duration of thrombocytopenia, number of
red blood cell and platelet transfusions, duration of antibiotic
infusion days, and hospitalization time. HDM140 +TMI 8Gy
provided the similar effects and toxicities of a conditioning
regimen as HDM200 dosing.

Moreau et al. [5] noted slower engraftment after HDM140
+ TBI, despite the higher median number of CD34 cells
infused than with HDM200 (7.3 versus 5, 𝑃 = 0.03). Further-
more, compared with pregraft and normal control samples,
patients treated with high-dose radiotherapy and autologous
bone marrow transplantation revealed that conditioning
regimens with TBI led more frequently to nonconfluent
stromal layers [31]. Another study group analyzed fibrob-
last colony-forming units, the precursor compartment for
the microenvironmental lineages essential to hematopoietic
stem cell survival, proliferation, and differentiation [32].
The authors imply that the fibroblast damage could be due
to the pretransplantation conditioning regimen. Bentley et
al. [33] described patients who remained platelet and/or
red cell transfusion dependent for 100 days or more after
transplantation even after substantial neutrophil recovery. A
significantly higher proportion of these patients had received
TBI as part of their conditioning regimen. Together with
these data, TBI may in some cases impair the early and
late capacities of the marrow microenvironment to support
transplanted stem cells. We noted similar median numbers
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of CD34 cells infused and numbers of red blood cell and
platelet transfusions in both groups, except for the duration
of neutropenia. These data suggest a potential benefit of TMI
that could diminish impairment of the marrow microenvi-
ronment and provide similar results as HDM200.

There are some limitations to our current study. First, the
small case number and the retrospective study design make
statistical conclusions highly tentative. However, in the cur-
rent study, the percentages of stage III for both groups were
more than 80%. With the similar progression-free survival
days for both groups, HDM 140 + TMI regimen provided
another chance for multiple myloma Asian patients who
could not tolerate HDM200 regimen. Second, the follow-up
time was short so that late effects are insufficiently addressed.

5. Conclusions

Based on these preliminary data, we are encouraged by the
clinical results of HDM140 + TMI 8Gy treatment of Asian
patients withMM.This regimen has manageable toxicity and
is at least as effective of a conditioning regimen as HDM200.
Further evaluation is needed to learn what longer-term
effect the regimen will have on disease control. Additionally,
long-term followup is needed to characterize the long-term
toxicities and assess the full impact in this new approach to
ASCT pretreatment in Asian patients with MM.
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Electrical impedance is one of the most frequently used parameters for characterizing material properties. The resistive and
capacitive characteristics of tissue may be revealed by electrical impedance spectroscopy (EIS) as electrical biopsy. This technique
could be used to monitor the sequelae after irradiation. In this study, rat intestinal tissues after irradiation were assessed by EIS
system based on commercially available integrated circuits. The EIS results were fitted to a resistor-capacitor circuit model to
determine the electrical properties of the tissue. The variations in the electrical characteristics of the tissue were compared to
radiation injury score (RIS) bymorphological and histological findings.The electrical properties, based on receiver operation curve
(ROC) analysis, strongly reflected the histological changes with excellent diagnosis performance. The results of this study suggest
that electrical biopsy reflects histological changes after irradiation.This approachmay significantly augment the evaluation of tissue
after irradiation. It could provide rapid results for decision making in monitoring radiation sequelae prospectively.

1. Introduction

Electrical impedance is one of themost often used parameters
for characterizing material properties, and it is good for
use in tissue characterization. The electrical impedance of
a tissue is a function associated with biological structure,
including cell size, density, spacing, and the constituents of
the extracellular and intracellular matrices. Besides, electri-
cal impedance also varies with changes of applied current
frequency, as employed in electrical impedance spectroscopy
(EIS), revealing both the resistive and capacitive components
of tissue. Schwan described the electrical properties of tissues
and cell suspensions in the 1950s and concluded that electrical
impedance analysis of biological media is a powerful research
tool for biological research [1]. Past research has shown that
variations in electrical impedance among tissues can be a
good marker of pathological changes in human and animal
subjects [2–11]. EIS has great potential for monitoring the
tissue’s change, that introduced the concept of “electrical

biopsy”, and this “electrical biopsy” approach may be used to
complement histological examinations [12].

Radiation therapy is a definitive treatment for malignant
diseases. It uses ionizing radiation for treatment. Ionizing
radiationworks by damaging theDNAof exposed tissue lead-
ing to cellular death [13]. The radiation affects not only the
malignant cell but also normal tissue. Therefore, evaluation
of the damage of normal tissue during and after radiation
therapy is very important to enhance the therapeutic benefit.
The pathological damage of irradiated tissue depends on
tissue properties, radiation dose, and the latent period.
Radiation damage mostly occurs in cells that are actively
dividing. As such, the tissues of the digestive tract, especially
the mucosa, are early responding tissues that injure quickly
after irradiation and are the major target of clinical radiation
complications [13]. In the acute phase of radiation damage in
intestine tissue, the mucosa thickens and presents with ulcer-
ations, followed by epithelial atypia. In the latent period, vas-
cular sclerosis and intestine wall fibrosis occur [14]. Electrical
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Figure 1: Block diagram and images of the electrical impedance spectroscopy (EIS) system. The components of the EIS system are shown.
The electrode is connected to the device, and the device is controlled by a personal computer.

biopsy by EIS should be an idea (method) tomonitor the radi-
ation sequelae of the tissue with its’ electrical characteristics.

The purpose of this study was to measure the electrical
properties of intestinal tissues by electrical biopsy after
whole abdomen irradiation in rats and compare them to the
histology findings, for monitoring the radiation sequelae.

2. Materials and Methods

2.1. Electrical Impedance Spectroscopy System. TheEIS system
for the electrical biopsy of tissues was based on an electrical
impedance converter chip (AD5933) acquired from Analog
Devices (Norwood, MA, USA) and a microcontroller unit
(MCU; 89C51) available from Atmel Corporation (San Jose,
CA, USA). The MCU received the user’s instruction and
relayed the measurement results to a personal computer
through the universal asynchronous receiver/transmitter
communication interface, and the single AD5933 chip was
responsible for measuring the electrical impedance. A block
diagram of the device is shown in Figure 1. The detailed
system design and performance evaluation are delineated in
Chen, 2007 [15].

2.2. Electrodes. The electrodes are fabricated on a printed cir-
cuit board with two parallel plates of copper, and the size is
the same with a glass slide. The gap between the electrode
plates is 0.2mmwith a saw line to increase the effectivemeas-
urement area. A sketch and photograph of the electrodes are
demonstrated in Figure 2.

2.3. Animal Care and Use. Specific pathogen-free Sprague-
Dawley rats (male, weighing 300–350 g) were used in this
study. The rats were bred in the laboratory animal center of
our institution within a specific pathogen-free environment.
The rats were fed with standard forage and water and caged
in pairs. The rats were anaesthetized by intra-abdomen
injection of thiopental (50mg/kg) before irradiation and

EIS measurements. All procedures and measurements were
performed in strict accordance with protocols approved by
the Animal Care and Use Committee.

2.4. Irradiation. The rats were immobilized in the supine
position on a linear accelerator couch (Varian 2100C) after
anaesthetization. The prescribed radiation dose to the whole
abdomen was delivered, and the rats were kept warm using a
heating light until recovery.The rats in the control groupwere
anaesthetized simultaneously with the experimental group
but not irradiated.

2.5. Electrical Impedance Spectroscopy Measurements. The
room temperature of the laboratory was set at 22∘C. The
electrodes were polished using a melamine sponge and
then cleaned with an alcohol swab three times before the
measurements. The rats were anesthetized by intraperitoneal
injection of thiopental (50mg/kg), and the peritoneal cavity
was opened by laparotomy. The distal jejunum, traced from
the cecum, was dissected. A 5 cm length of distal jejunum
was sampled. Subsequently, the jejunum was dissected using
scissors to expand a 5× 5mmsample.The specimenwas place
on absorbent paper first to eliminate extra fluid and then
pasted on the electrodes with the mucosal surface down. A
cover glass was used to cover the specimen with a weight load
of 20 g. The electrical impedance was measured from 10 kHz
to 100 kHz at 1 kHz steps. The sample was then prepared for
histological examination.

2.6. Histological Examination. The specimens underwent
histological examination with Masson’s trichrome stain. The
radiation injury score (RIS), modified from Langberg et al.,
was used to determine the changes in histopathology [14].
There were five items assessed for morphological evaluation
regarding early and late response (Table 1).

2.7. Experiment Design. Each check point comprised eight
rats. Four were for control and four were for experiment
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Figure 2: The electrodes for intestinal mucosa measurements.

Table 1: Morphological of assessment for evaluation of radiation
injury score (RIS).

Early response
Thickening of serosa

0: None
1: Thickening of serosa; hyperplasia of peritoneal
mesothelium

Mucosal ulcerations
0: Small
1: Superficial ulcerations; ulcerations involving more than
half of the intestinal circumference

Epithelial atypia
0: None
1: Abnormally oriented crypts; irregular crypt regeneration
with atypical epithelial cells

Later esponse
Vascular sclerosis

0: None
1: Thickening and hyalinization of vessel wall; vessel wall
double normal thickness; hyalinization and stenosis;
sclerosis with stenosis or complete occlusion; fibrinoid necrosis

Intestinal wall fibrosis
0: None
1: Submucosa two to four times normal thickness; broadened
and hyalinized collagen fibers; abnormal collagen fibers;
massive fibrosis including muscularis

group. The experimental groups were prescribed whole
abdomen irradiation for 18Gy, and the control groups were
treated the same as the experimental group except that the
linear accelerator was not turned on. The rats were sacrificed
at the 8th hour, 3rd day, 9th day, 14th day, 21st day, 28th day,
35th day, and 40th day after irradiation for check. These 8
check points were annotated as 8Hrs, D3, D9, D14, D21, D28,

Re

Extracellular resistance

Ri

Intracellular resistance Cm

Membrane capacitance

Extracellular part of tissue

Intracellular part of tissue

Figure 3: Simplified equivalent three-element resistor and capacitor
(RC) electrical circuit model for tissues.

D35, and D40, respectively. Totally, there were 64 rats for
examinations. The intestinal tissue of the rats was assessed
by electrical impedance measurements and histological
examination after being sacrificed.

2.8. Data Analysis and Statistics. The simplified equivalent
three-element resistor and capacitor (RC) electrical circuit
model (as depicted in Figure 3) was applied for the inter-
pretation of the EIS data. ZSimpWin Version 3.1 (Princeton
Applied Research, Oak Ridge, TN, USA) was used to solve
𝑅

𝑒
(extracellular resistance), 𝑅

𝑖
(intracellular resistance), and

𝐶

𝑚
(membrane capacitance). The receiver operating charac-

teristic (ROC) analysis was used to evaluate the diagnostic
performance.

3. Results and Discussion

3.1. Results of Three-Element RC Electrical Circuit Model for
Tissues. The solutions to the three-element RC electrical cir-
cuit model for each group are illustrated in Figures 4(a)–
4(c). 𝑅

𝑒
was reduced after irradiation until the 9th day. 𝑅

𝑖

was decreased until the 14th day and then recovered. 𝐶
𝑚

was increased from 3rd to 21st days. The errors of solutions
established by ZSimpWinwere in the range of 0.92–2.08% for
𝑅

𝑒
, 1.39–2.23% for 𝑅

𝑖
, and 3.30–5.24% for 𝐶

𝑚
.

An equivalent circuit model fit derived from impedance
spectroscopy can provide detailed biological information of
the tissue’s electrical characteristics. The most well-known
model of tissue electrical characteristics is the Cole-Cole
equation [16], although the parameters of this equation are
not very intuitive. The three-element model, as depicted in
Figure 3, is simple and easily understood from a biological
viewpoint. However, the specific architecture and complex
electrolytic plasma of biological tissue imply that its equiv-
alent circuit should in principle be very complicated. The
three-element model effectively eliminates any other features
of the tissue and is unaware of various dispersive events.
As such, all information may not be sufficiently captured by
impedance spectroscopy. However, an adequate equivalent
circuit model for representing tissue morphology has not
been developed to date. The three-element model not only
is the simplest but is often used in related studies. Although
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Figure 4: Symbol graphs of electrical parameters for electrical circuit model of tissue after irradiation. Symbol graphs showing error bars for
each control and experimental group; (a) extracellular resistance (𝑅

𝑒
), (b) intracellular resistance (𝑅

𝑖
), and (c) membrane capacitance (𝐶

𝑚
).

the three-element model used in this study may not be
the most appropriate representation of irradiated tissues, it
characterized some simple electrical characteristics of the
tissues.

3.2. Results of Histological Examination. The results of his-
tological examination of the control and experiment groups
with RIS are shown in Figure 5. The overall RIS accumulated
rapidly on the 9th day and gradually decreased after the 28th
day.The early-response part of RIS subsided after the 21st day,
but late-response part of RIS steadily progressed.

The vulnerability of the gastrointestinal epithelium to
ionizing radiation has been well documented. Radiation
enteropathy can be categorized into two stages, early and
late [17]. Early radiation enteropathy occurs in the actively

proliferating intestinal crypt cell compartment of intesti-
nal mucosa, which is the primary target site of radiation
injury. Stem cell depletion leads to insufficient replacement
of epithelial cells in the upper crypt and villus, causing
denudation of the mucosa. Following radiation exposure,
the villus epithelium gradually regenerates. Late radiation
enteropathy, which manifests as vascular and connective
tissue damage, occurs after a variable latency period. These
phenomena frequently occur in the intestinal wall instead
of the mucosa. The progression of radiation injury induces
morphological changes in the mucosa and the intestinal wall
during the early and late stages of enteropathy, respectively.
In histological examinations, as shown in Figure 5, the total
postirradiation RIS score decreased after the 28th day. The
acute response prevailed between the 3rd and 21st day, while
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Figure 5: Symbol graph of radiation injury scores after irradiation.
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response part of RIS after irradiation.

the late response steadily progressed after irradiation and
persisted after 28th day, are consistent.

Comparing the results of electrical parameters and the
results of histological examination of tissues, the radiation
sequelae of intestine in rats could be suggested to be moni-
tored as follows.

3.3. Extracellular Resistance for Monitoring the Start of Radia-
tion Sequelae. The scatter plot for the 𝑅

𝑒
versus RIS is shown

in Figure 6(a). According to ROC analysis, the area under
curve (AUC) for 𝑅

𝑒
to marke the beginning of radiation

injury (RIS ≥ 1) is 1.0. 𝑅
𝑒
< 734Ω could be used to check the

beginning of radiation injury, the sensitivity and specificity
are 1.0 and 1.0, respectively. 𝑅

𝑒
quantifies the extracellular

resistance, which reflects the status of the extracellular fluid.
The first morphological change after irradiation is serosa
thickening, most likely a symptom of edema. The extracel-
lular fluid accumulation leads to decreased 𝑅

𝑒
.

3.4. Membrane Capacitance for Monitoring the Dominant
Early-Response Radiation Injury. The scatter plot for the 𝐶

𝑚

versus the early-response part of RIS is shown in Figure 6(b).
The AUC for 𝐶

𝑚
to detect the dominant searly-response

radiation injury (early response part of RIS ≥ 2) is 0.95.
𝐶

𝑚
> 5.473∗10

−9 F could be used to teste the dominant
early-response radiation injury, the sensitivity and specificity
are 0.89 and 0.93, respectively. The dominant early response
presents damages such as ulceration and cell atypia. 𝐶

𝑚
is

increased by dysfunction of the ion channels in the cell mem-
brane due to disturbed physiological function in this stage.

3.5. Intracellular Resistance forMonitoring theDominant Late-
Response Radiation Injury. The scatter plot for the 𝑅

𝑖
versus

the late-response part of RIS is shown in Figure 6(c). 𝑅
𝑖

indicates cytoplasm resistance. Postirradiation increases in𝑅
𝑖

could be used to check the dominant late responses, which
include vascular and intestinal wall fibrosis. The cytoplasm
is condensed, and fibrosis leads to decreased intra- and
extracellular fluids, enhancing 𝑅

𝑖
. The AUC of 𝑅

𝑖
to reflect

the dominant late-response injury (the late-response part of
RIS ≥ 2) is 0.96. 𝑅

𝑖
> 726Ω is the threshold to examine the

dominant late-response radiation injury, the sensitivity and
specificity are 0.92 and 0.90, respectively.

3.6. Prospect of Electrical Biopsy to Monitor Radiation Seque-
lae. EIS as electrical biopsy has a great potential to monitor
the tissue status.The electrical biopsy by EIS indeed reflected
changes of the tissue corresponding to conventional mor-
phological findings in a sense of conventional histological
knowledge [18]. In radiation therapy, the treatment responses
compete with adverse effects, and monitoring the radiation
sequelae and modifying treatment planning adaptively could
improve the therapeutic benefit. Osterman et al. evaluated
whether EIS can noninvasively determine and quantify injury
responses in soft tissue exposed to high-dose rate (HDR)
irradiation [19]. Small volumes of muscle tissue were irradi-
ated with single-dose radiation using the HDR after-loading
technique (26 and 52Gy prescribed 5mm from the source).
Impedance measurements were performed on 29 rats at 1,
2, and 3 months after irradiation at 31 frequencies in the
1 kHz to 1MHz range. Throughout the first 3 months, the
conductivity increased by 48% and 26% with a target dose of
52 and 26Gy, respectively. EIS accurately detected responses
in a fraction of the tissue probed, indicating its potential
usefulness in detecting radiation damage at early postirra-
diation time points. In human subjects for evaluation of
skin tissues after irradiation, researchers have concluded that
electrical impedance measurements for dielectric constants
are useful for assessing cellular changes and for providing
quantitative information concerning radiation-induced skin
reactions [20, 21]. At 5 weeks, the dielectric constant had
decreased by 31 and 39% for the investigated skin sites of
the photon and electron fields, respectively. There was a
statistically significant inverse correlation between the mean
dielectric constant and the clinical score of erythema. Two
years later, a statistically significant positive correlation was
found between the dielectric constant at the irradiated skin
sites and the clinical score of subcutaneous fibrosis. These
support the ability of EIS as electrical biopsy to monitor the
tissue status after radiation.

In future prospect, the device for electrical biopsy in
monitoring radiation sequelae should be robust and easy
operating.The design should be specific for clinical examina-
tion, especially of the electrodes.The electrical biopsy also has
potential and capability for in situ examination. This will be
helpful in real-time monitoring and treatment decision mak-
ing. The electrical circuit model for individual tissue should
be established, and the changes of the electrical characteristics
of tissue for pathological response should be modelled more
detailedly. Moreover, electrical impedance tomography (EIT)
technique could evaluate the electrical parameters of tissue
in body cavity without invasive procedure instantly [22]. The
progression of electrical impedance technique in biomedical
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Figure 6:The scatter plots for electrical parameters versus radiation injury score. (a)The scatter plots for 𝑅
𝑒
versus RIS. 𝑅

𝑒
< 734Ω could be

used to be the threshold of the beginning of radiation injury. (b)The scatter plots for𝐶
𝑚
versus early-response part of RIS.𝐶

𝑚
> 5.473∗10

−9 F
could be used to be the threshold of the domination of early-response radiation injury. (c) The scatter plots for 𝑅

𝑖
versus late-response part

of RIS. 𝑅
𝑖
> 726Ω could be used to be the threshold of the domination of late-response radiation injury.

field has potential to provide a noninvasive, rapid results for
decision making, that is not achievable in clinical evaluation
and conventional pathological examination.

4. Conclusions

Electrical impedance spectroscopy as electrical biopsy pre-
sents as a useful method for detecting tissue injury because it
reveals the electrical characteristics of tissues associated with
histological change. The electrical properties were shown to
accurately detect histological changes; our results demon-
strated a strong diagnosis performance for radiation injury
of intestine in rats.This method could be used to monitor the
treatment sequelae in radiation therapy with confidence.
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Sacristán, “Impedance spectroscopy for monitoring ischemic
injury in the intestinalmucosa,” PhysiologicalMeasurement, vol.
24, no. 2, pp. 277–289, 2003.

[5] D. Gupta, C. A. Lammersfeld, J. L. Burrows et al., “Bioelectrical
impedance phase angle in clinical practice: implications for
prognosis in advanced colorectal cancer,” American Journal of
Clinical Nutrition, vol. 80, no. 6, pp. 1634–1638, 2004.

[6] C. Skourou, P. J. Hoopes, R. R. Strawbridge, and K. D. Paulsen,
“Feasibility studies of electrical impedance spectroscopy for
early tumor detection in rats,” Physiological Measurement, vol.
25, no. 1, pp. 335–346, 2004.

[7] S. Abdul, B. H. Brown, P.Milnes, and J. A. Tidy, “A clinical study
of the use of impedance spectroscopy in the detection of cervical
intraepithelial neoplasia (CIN),” Gynecologic Oncology, vol. 99,
no. 3, pp. S64–S66, 2005.

[8] H. S. Ahn, S. S. Yun, H. J. Shin, J. Y. Kim, and J. H. Choi,
“Measurement of bioimpedance and cell viability during ische-
mia-reperfusion in the rat liver,” in Proceedings of the 27th
Annual International Conference of the Engineering in Medicine
and Biology Society (IEEE-EMBS ’05), vol. 2, pp. 1945–1947,
September 2005.

[9] A. Stojadinovic, A. Nissan, Z. Gallimidi et al., “Electrical impe-
dance scanning for the early detection of breast cancer in young
women: preliminary results of amulticenter prospective clinical
trial,” Journal of Clinical Oncology, vol. 23, no. 12, pp. 2703–2715,
2005.

[10] S. Abdul, B. H. Brown, P. Milnes, and J. A. Tidy, “The use of
electrical impedance spectroscopy in the detection of cervical
intraepithelial neoplasia,” International Journal of Gynecological
Cancer, vol. 16, no. 5, pp. 1823–1832, 2006.

[11] A. Keshtkar, A. Keshtkar, and R. H. Smallwood, “Electrical im-
pedance spectroscopy and the diagnosis of bladder pathology,”
Physiological Measurement, vol. 27, no. 7, pp. 585–596, 2006.

[12] Y.-J. Huang, E.-Y. Huang, Y.-Y. Lu, C.-Y. Chen, and K.-S.
Cheng, “Electrical biopsy of irradiated intestinal tissue with a
simple electrical impedance spectroscopy system for radiation
enteropathy in rats—a pilot study,” Physiological Measurement,
vol. 32, no. 9, pp. 1491–1504, 2011.

[13] J. Eric and A. J. G. Hall, Radiobiology for the Radiologist,
Lippincott Williams &Wilkins, Philadelphia, Pa, USA, 2006.

[14] C. W. Langberg, T. Sauer, J. B. Reitan, and M. Hauer-Jensen,
“Tolerance of rat small intestine to localized single dose and
fractionated irradiation,”Acta Oncologica, vol. 31, no. 7, pp. 781–
787, 1992.

[15] C.-Y. Chen,The Design of Multi-Frequency Bioimpedance Mea-
suring System for Clinical Applications, Institute of Biomedical
Engineering, National Cheng Kung University, 2007.

[16] B. Rigaud, L. Hamzaoui, M. R. Frikha, N. Chauveau, and J.-P.
Morucci, “In vitro tissue characterization and modelling using
electrical impedance measurements in the 100 Hz-10 MHz
frequency range,” Physiological Measurement, vol. 16, no. 3, pp.
A15–A28, 1995.

[17] M. Hauer-Jensen, “Late radiation injury of the small intestine.
Clinical, pathophysiologic and radiobiologic aspects. A review,”
Acta Oncologica, vol. 29, no. 4, pp. 401–415, 1990.

[18] Y. J. Huang, E. Y. Huang, and K. S. Cheng, “The correlation
between extracellular resistance by electrical biopsy and the
ratio of optical low staining area in irradiated intestinal tissues
of rats,” BioMedical Engineering OnLine, vol. 12, article 23, 2013.

[19] K. S. Osterman, P. J. Hoopes, C. DeLorenzo, D. J. Gladstone,
andK. D. Paulsen, “Non-invasive assessment of radiation injury
with electrical impedance spectroscopy,” Physics in Medicine
and Biology, vol. 49, no. 5, pp. 665–683, 2004.

[20] J. Nuutinen, T. Lahtinen,M. Turunen et al., “A dielectricmethod
formeasuring early and late reactions in irradiated human skin,”
Radiotherapy and Oncology, vol. 47, no. 3, pp. 249–254, 1998.

[21] T. Tamura, M. Tenhunen, T. Lahtinen, T. Repo, and H. P.
Schwan, “Modelling of the dielectric properties of normal and
irradiated skin,” Physics in Medicine and Biology, vol. 39, no. 6,
pp. 927–936, 1994.

[22] P. O. Gaggero, A. Adler, J. Brunner, and P. Seitz, “Electrical im-
pedance tomography system based on active electrodes,” Physi-
ological Measurement, vol. 33, no. 5, pp. 831–847, 2012.



Hindawi Publishing Corporation
BioMed Research International
Volume 2013, Article ID 574934, 8 pages
http://dx.doi.org/10.1155/2013/574934

Research Article
Control of Respiratory Motion by Hypnosis Intervention during
Radiotherapy of Lung Cancer I

Rongmao Li,1 Jie Deng,2 and Yaoqin Xie1,3

1 Institute of Biomedical and Health Engineering, Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences,
1068 Xueyuan Anenue, Shenzhen University Town, Shenzhen 518055, China

2 Zhuhai Psychological Counseling Co., Ltd, 201-40A Haisong Building, 9th Tairan Road, Shenzhen 518000, China
3 Lab for Wearable Devices, Key Lab for Health Informatics of Chinese Academy of Sciences, 1068 Xueyuan Anenue,
Shenzhen University Town, Shenzhen 518055, China

Correspondence should be addressed to Yaoqin Xie; yq.xie@siat.ac.cn

Received 21 May 2013; Revised 8 July 2013; Accepted 31 July 2013

Academic Editor: Ching Chong Jack Yang

Copyright © 2013 Rongmao Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The uncertain position of lung tumor during radiotherapy compromises the treatment effect. To effectively control respiratory
motion during radiotherapy of lung cancer without any side effects, a novel control scheme, hypnosis, has been introduced in
lung cancer treatment. In order to verify the suggested method, six volunteers were selected with a wide range of distribution
of age, weight, and chest circumference. A set of experiments have been conducted for each volunteer, under the guidance of
the professional hypnotist. All the experiments were repeated in the same environmental condition. The amplitude of respiration
has been recorded under the normal state and hypnosis, respectively. Experimental results show that the respiration motion of
volunteers in hypnosis has smaller and more stable amplitudes than in normal state. That implies that the hypnosis intervention
can be an alternative way for respiratory control, which can effectively reduce the respiratory amplitude and increase the stability
of respiratory cycle. The proposed method will find useful application in image-guided radiotherapy.

1. Introduction

Aprerequisite of treatment planning in thoracic radiotherapy
is the accurate modeling of respiratory motion of thoracic
structures [1]. Much effort has been devoted to address this
issue. One of the traditional methods is that the patients
are trained before treatment to make respiration as stable
as possible, and the depicted planning target volume (PTV)
covers the whole area of tumor motion. Another method
is the gating technology, which synchronizes the treatment
with the breathing cycle. The radiation at the tumor is
applied only during a specific time in the cycle, typically
during the deepest expiration of the patient, and the radiation
is ceased once the tumor moves out of the targeted area.
One of the powerful tools for gating is the respiratory posi-
tion management (RPM) system [2, 3] developed by Varian,
which can detect and track respiratory motion without the
need to train the patient. Another respiratory trace generat-
ing (RTG) tool was also developed for tracking respiratory

motion [4].The disadvantage of gating technology is the pro-
longed treatment time. The third method is developed to
have the patient breathe regular by a visual system which
shows a standard breathing curve and the patient’s real-time
breathing curve in front of the patient during treatment.
The intervention to the patient is inevitable in the course of
the treatment, which may result in patient’s discomfort. The
forth method is real-time tumor tracking. In current image
guided radiation therapy (IGRT), it becomes increasingly
popular by using implanted metallic or radio frequency
fiducials [5–9]. In this approach, stereoscopic X-ray images
are taken simultaneously or sequentially during the course
of dose delivery. High contrast fiducials are detected on
the projection images, and a triangulation algorithm is then
employed to extract the positions of the fiducials in real-
time. While the fiducial marker provides a reliable way for
real time tracking, implantation of fiducial markers is an
invasive procedure and may result in a number of possible
complications, such as pneumothorax and hemorrhage [10].
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Figure 1: Sensors and EEG system used in the experiment, (a) the EEG system used to record the electrical signal, (b) the sleep sensor used
to detect the respiration motion, (c) the schematic diagram of the method to detect the respiration motion.

In this paper, hypnosis is introduced in radiotherapy for
respiratory control without any side effects. As we know, hyp-
nosis may keep the patient in inner peace during treatment.
Consequently, the respiration amplitude is reduced and
becomes stable, which is an ideal state for radiotherapy. We
hypothesized that hypnosis can be a helpful tool for respira-
tory control in various treatment procedures, such as gating
and real-time tracking.

2. Materials and Methods

2.1. Hypnosis. Hypnosis is a state in which a person seems
to be asleep but still can see, hear, or respond to speech
directed to him [11, 12]. Hypnotherapy is hypnosis used
for therapy. Under normal state, people have regular, low-
amplitude, high-frequency 𝛼 and uniform-frequency 𝛽 brain
waves, while under light hypnosis state, the amplitude of
𝛼, brain waves becomes higher, and the frequency becomes
uniform. Physicians and psychiatrists may use hypnosis to
treat depression, anxiety, eating disorders, sleep disorders,
compulsive gaming, and posttraumatic stress. Hypnotherapy
has been successfully applyied in many cases, such as fears,
phobias, habit control, pain management, and psychological
therapy. It is widely used in pre- and posttreatment but rarely
used during treatment. In this paper, hypnosis is used to
make a patient’s inner peace and respiration stable during
treatment.

To effectively control respiration during radiotherapy of
lung cancer, we need to knowwhether hypnosis workswell on
stabilizing the respiratory motion and then develop a novel
clinical scheme to apply hypnosis in radiotherapy. Several
experiments have been conducted to test the influence of
hypnosis on respiration. In these experiments, a professional
hypnotist guides volunteers into hypnosis state.

Hypnosis technique takes part in an important role in the
method. However, the technique is not suitable for all clinical

cases. Based on the standard score evaluation, 10% in normal
people is highly susceptible population, and 10% ismarginally
susceptible population. Age, imagination, self-suggestion,
and other properties of the subject influence the suscep-
tibility. So the method cannot be applied for all patients.
An important work before hypnosis is to determine which
patient is suitable for hypnosis therapy. Before hypnosis,
several tests should be done to check the susceptibility of the
patient and to select the suitable patients.

2.2. Sensors and EEG System. The electroencephalogram
(EEG) system developed by Nihon Kohden Corporation
is user-friendly and allows recording the electrical activity
of the brain over a short period of time, as shown in
Figure 1(a). It consists of a notebook PC, isolation power
supply, advanced electrode junction box, and other standard
accessories. There is also a full range of optional accessories.
Polysmith software is the world’s most all-inclusive PSG
acquisition and analysis program. Patient data acquisition
and analysis are integrated into a single software. As a part of
EEG system, it is used in various environments and provides
a comprehensive approach to analyze obtained experimental
data. It is convenient for remote access from the control room
[11].

The sleep sensor in Figure 1(b) is a part of the system
that detects the respiration motion. It is tied on the chest
and the abdomen of the volunteer.The corresponding signals
are transported to the EEG system for further analysis.
The inductance of the bands is exactly proportional to
the transverse section encircled by the band, as shown in
Figure 1(c). The inductance changes with the breathing of
the patient. It is converted by the electronic circuits of the
system into an electrical signal in order to accurately and
reliably record the respirationwaveforms.The inductive band
can be easily connected to any compatible system through a
dedicated interface cable.
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Figure 2: Peak value and maximum root mean square (RMS) of respiratory amplitude for the six volunteers in the normal state (red) and in
the hypnosis state (blue), respectively.

Table 1: Physiological parameters of the six volunteers.

Parameters\volunteer no. 1 2 3 4 5 6

Age (year) 22 22 23 27 23 28

Weight (kg) 56 50 60 55 52 73

Chest circumference (cm) 89 85 91 88 75 100

The parameters setting of the sleep sensor is constant
in the whole experimental procedure. The sensitivity is
10 𝜇V/mm, theCALvoltage is 50𝜇V, the time constant is 0.3 s,
and the high-cut filter is 50Hz.

2.3. Experimental Procedure. Nine volunteers took part in
the experiment. Among them, six volunteers were selected
by the hypnotist as suitable subjects for hypnosis with a
wide range of distribution of age, weight, and chest cir-
cumference, as listed in Table 1. Two experiments have been
done with these 6 volunteers. One experiment was con-
ducted under normal breathing. The volunteers peacefully
lied on a bed without any motion and speaking for 15min.
Another experiment involved breathing under hypnosis.
The hypnotist guided the volunteer into hypnosis state and
determined whether the volunteer is under hypnosis. For
each subject, it took about 10min to enter into hypnosis
and another 15min to keep the hypnosis state. Then, the
volunteer was awaken by the hypnotist. During the hypnosis
procedure, the volunteer was extremely suggestible to the
hypnotist. These two experiments were repeated two weeks
later.

3. Experiment and Results

Figure 2 shows the mean peak value and the maximum root
mean square (RMS) of respiratory amplitude for 6 volunteers
in the normal state (red points) and in the hypnosis state (blue
points), respectively. The definitions of mean of RMS are

Mean
𝑖
≡

𝑁𝑖

∑

𝑗

𝐴

𝑗

𝑖

𝑁

𝑖

,

RMS
𝑖
= √

𝑁𝑖

∑

𝑗

(𝐴

𝑗

𝑖
−Mean

𝑖
)

2

,

(1)

where 𝑖 is the number of volunteers and 𝑁
𝑖
is the number

of the peaks for volunteer 𝑖. It is clear from Figure 2 that
the peak value in the hypnosis state is much lower than that
in the normal state, so as the RMS, indicating more stable
respiration in the hypnosis state. In treatment planning, PTV
stands for the entire region tumormay cover.The reduction of
the mean amplitudes and the RMS is a great help to protect
the patient from the dose. The low mean amplitude implies
the energy of the radiation more concentrated in the tumor,
and the low RMS implies the more stable for treating.

Figure 3 shows the mean cycle of respiration of different
volunteers under normal state and hypnosis. No obvious
difference between these two states is observed.

Figure 4 shows the relative ratio between the amplitude
and the time weighted average in a certain range near the
peak. The parameter is defined as

Ratio (𝑡) ≡
∑𝐴

𝑖
𝑡

𝑖

𝐴𝑡

,
(2)
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Figure 3: Mean cycle of respiration for different volunteers in the normal state (red) and in the hypnosis state (blue).

where the ratio stands for the displacement around the peak
of respiratory waveform. The waveform is divided into many
small time intervals, counted by 𝑖. 𝑡

𝑖
is the time interval,𝐴

𝑖
is

the corresponding amplitude of the wave during the time 𝑡,𝐴
is the amplitude of the waves, and 𝑡 is the time interval of the
wave near the peak. The ratio for each peak is obtained. The
final ratio is the mean for all peaks.

In Figure 4, the 𝑥-axis stands for the time interval nearby
the wave peak. It can be seen that the relative ratio in the
hypnosis state reduced more slowly than that in the normal
state. The slower the relative ratio is reduced, the more stable
is the wave nearby the wave peak.

To evaluate the difference between different cycles, the
𝛾 index of passing ratio [13–15] is introduced as shown in
Figure 6. Like the ratio in (2), 𝛾 passing ratio is another
quantity to evaluate the similarity between different cycles.
It is defined as
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𝛿 is the difference between different cycles with 𝑥
𝑚
and 𝑥

𝑐
.

𝑥

𝑚
is the time of the template cycle, and 𝑥

𝑐
is the time of

other cycles. In the experiment, the first starting cycle is
selected as the template cycle. The 𝛾 passing ratio is obtained
between the template cycle and other cycles. Δ𝐷

𝑀
is the

parameter to estimate the degree of displacement, Δ𝑑
𝑀
is the

parameter to estimate the degree of the time to agreement. In
our experiments, 10 groups of these two parameters are set

to calculate the 𝛾 passing ratios for different cycles. It can be
seen from Figure 5 that the 𝛾 index is relatively stable in the
area of dense curves.Therefore, the parameters of 𝛾 index are
selected as 1.2% and 28%.

Similar to 𝛾 passing ratio used in the evaluation in dose
distribution, 𝛾 passing ratio can also be used to estimate the
similarity of two respiration cycles. As we know, respiratory
motion may result in the change of dose distribution.

Figure 6 shows 𝛾
1.2,28% index curves of passing ratio

between the first cycle and the next 12 adjacent cycles in the
hypnosis state (blue curves) and the normal state (red curves).
Among these 6 volunteers, 5 of them show higher 𝛾

1.2,28%
passing ratio curves in the hypnosis state than that in the
normal state, which means that cycles of respiration in the
hypnosis state are much more stable than that in the normal
state.The only opposite result as shown in Figure 6 (volunteer
5) indicates that not all the patients are suitable for respiration
control using hypnosis.

4. Discussions

In this work, a novel method using hypnosis is proposed
to control respiratory motion during radiotherapy of lung
cancer. Since the hypnosis is comfortable for the patient and
makes him peaceful, the method allows treating the patient
without side effects during radiotherapy.

As we know, the traditional training method is widely
applied in radiotherapy, which is a benefit to most patients.
However, several uncontrollable factors still exist, such as the
tension and the surrounding influence during the treating,
which may trade-off the treatment effect. In the proposed
hypnosis method, self-control is not needed for patients
during the whole treatment procedure. Moreover, under the
guidance of hypnotist, the patient could stay in peace state
and feel comfortable during treatment.
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Figure 4: Relative ratio of the wave nearby the peak and the amplitude with time weighted. The red and blue points stand for the normal
state and the hypnosis state, respectively.
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Figure 5: 𝛾 index of passing ratio between the first cycle and the other 13 adjacent cycles with ten different parameters.

It is clear that the amplitude nearby wave peak in the
hypnosis state is more stable than that in the normal state,
because the mean peak in the hypnosis state is much lower
than that in the normal state as shown in Figure 2. If the
waveforms of the two states are similar, the mean cycles for
two states should have the same proportion with the mean
peaks. However, the difference of mean cycle between two
states is not notable as shown in Figure 3. This leads to more
slow reduction of amplitude under the hypnosis state than
that under the normal state, as shown in Figure 7. Again, it
demonstrates the stability of respiration under the hypnosis
state.

Suppose the tumor in the lung rigidly moves with res-
piration motion, when the tumor is irradiated at the peak
of a respiration cycle, the dose in tumor is determined by
the mean ratio between the displacement with time weight
and the amplitude, which is the definition of ratio in (2). If
the value of ratio is “1” during the whole cycle, apparently
the waveform is square wave, which is an ideal state without
tumor motion.

In the experiment, six volunteers were selected. It may
arouse controversy that the quantity is not enough, and
the age or other properties are not generally representative.
However, differences always exist between the volunteers
and the patients. The major contribution of the proposed
method is the use of hypnosis during radiotherapy. One of
the challenging problems is how to protect the hypnotist from
radiation exposure, which is a key technology for themethod.
The ultimate goals of themethod are to treat the patients with
least side effects and to become applicable to a larger number
of patients.

Gamma ratio is a parameter to evaluate the similarity of
two distributions. As it is widely used in evaluation of dose
distributions, we extend the use of gamma ratio to evaluate

the difference between two respiration waveforms whichmay
cause the change of dose distribution during radiotherapy.
Therefore, we choose the gamma ratio as the evaluation
metrics, although other parameters can also describe the
difference.

This work is a preliminary clinical study instead of a clin-
ical study. However, it is necessary before the further clinical
application. Although it is limited to the establishment of the
relationship between hypnosis and respiratory motion, this
establishment has demonstrated the feasibility of the clinical
application of hypnosis during radiotherapy.

5. Conclusion

In this work we found that the hypnosis can effectively sta-
bilize respiration motion, which makes it suitable to control
respiration during radiotherapy of lung cancer. Although
hypnosis is not applicable to all cases, it provides an alterna-
tive way for respiratory control without any side effects. The
next problem is how to use hypnosis in clinical conditions.
We will propose a new scheme of respiratory control using
hypnosis in radiotherapy of lung cancer. Since it is a noninva-
sive method, hypnosis intervention will find various clinical
applications in the near future.
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Background. We investigated the feasibility of helical tomotherapy (HT) for inoperable large breast tumors, after failing to achieve
adequate treatment planning with conformal radiation techniques. Material and Methods. Five consecutive patients with locally
advanced breast cancer (LABC)were treated by preoperativeHT. All patients received up-front chemotherapy beforeHT. Irradiated
volumes included breast and nodal areas (45–50Gy) in 4 patients. One patient received a simultaneous integrated boost (55Gy)
to gross tumor volume (GTV) without lymph node irradiation. Acute toxicity was assessed with Common Toxicity Criteria for
Adverse Events v.4. Patients were evaluated for surgery at the end of treatment. Results. Patients were staged IIB to IIIC (according
to theAJCC staging system 2010). HTwas associated in 4 patients with concomitant chemotherapy (5-fluorouracil and vinorelbine).
Two patients were scored with grade 3 skin toxicity (had not completed HT) and one with grade 3 febrile neutropenia. One patient
stopped HT with grade 2 skin toxicity. All patients were able to undergo mastectomy at a median interval of 43 days (31–52) from
HT. Pathological partial response was seen in all patients. Conclusions. HT is feasible with acceptable toxicity profiles, potentially
increased by chemotherapy. These preliminary results prompt us to consider a phase II study.

1. Introduction

Locally advanced breast cancer (LABC), defined mainly by
stage III disease [1] and by a subset of stage IIB (T3N0),
occurs in less than 15% of the diagnosed women [2–4]
but poses a significant challenge from a treatment point of
view. It requires a combined treatment approach involving
anthracycline-based chemotherapy (with or without a tax-
ane) and trastuzumab for human epidermal growth factor
receptor 2 (HER-2) positive tumors, followed by surgery and
radiation therapy [5]. But for patients with large volume
disease whose tumors remain inoperable after primary or
neoadjuvant chemotherapy (NCT) the management strategy
is less clear.

Recent studies have used preoperative radiotherapy
(combinedwith chemotherapy) in an attempt to downsize the
tumor [6–11] making it amenable to surgery. However, these
studies have only used conventional radiation techniques
with considerable limitations in target volume coverage and
sparing normal tissues.

Helical Tomotherapy (HT) is a new form of intensity-
modulated radiation therapy (IMRT) that delivers a modu-
lated fan beam using a 6MV linear accelerator mounted on a
ring gantry that rotates around the patient as he/she advances
slowly through the gantry bore (Figure 1). Its advantages
include: ability to correct for set-up errors, delivery of con-
tinuous craniocaudal irradiation which suppresses junction
problems, and the conformality of the dose distribution
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Figure 1: One of the two TomoTherapy Hi-Art treatment systems
used in this study.

throughout the complex volumes formed by the lymph nodes
and the breast [12].

We sought to report our early experience with the use of
HT (with or without CCT) for inoperable LABC not eligible
to conformal radiation techniques due to disease extension.

2. Patients and Methods

From November 2007 to February 2011 five consecutive
women with stage IIB–IIIC LABC (according to AJCC
staging system 2010) were seen at ourmultidisciplinary clinic.
All patients had histological confirmation of malignancy
by tumor biopsy with determination of tumor oestrogen
and progesterone receptor (ER/PR) status and HER-2. The
workup included history and physical examination with
recording of size and location of the tumor on a diagram of
the affected breast and a photo evaluation. Adequate biology
lab tests were undertaken. Imaging studies included bilateral
mammogram and breast ultrasound or breast magnetic res-
onance imaging (MRI), bone scan, thoracic-abdominal and
pelvic computed tomography scan (CT), and fluorodeoxyglu-
cose (FDG) positron-emission tomography scan (PET/CT)
in one case. Genetic counseling was necessary in one patient.

All patients had advanced voluminous breast tumors
judged not amenable to any form of surgery (conserva-
tive or radical). Inoperable breast cancer was defined as a
combination of at least 2 of the following criteria (except
for inflammatory breast carcinoma): fixation of the axillary
nodes to overlying skin or deeper structures of the axilla, skin
ulceration, inflammatory breast carcinoma, solid fixation
of tumor to the chest wall, extensive edema of the skin
(involving more than one-third of the skin over the breast),
massive involvement of axillary lymph nodes (measuring
2.5 cm or more in transverse diameter), or clinically involved
periclavicular lymph nodes and internal mammary metas-
tases as evidenced by a parasternal tumor [13]. Resectability
was evaluated by the breast surgeon based on the above
criteria and available radiological imaging. Figure 2 illustrates
the clinical assessment of one of these patients. One patient
presented with a large primary (T3N0), located in the upper
inner quadrant, being considered inoperable due to low
probability to achieve clear surgical margins.

Table 1: Patient and tumor characteristics.

Characteristic Value
Age
Median (range) 62 (28–65)

Clinical Stage∗

IIB 1
IIIA 1
IIIB-IIIC 3

Tumor diameter in mm
Median (range) 88 (75–160)

Laterality
Right sided 3
Left sided 2

Hormonal receptors and HER2
over-expression

ER−, PR−, HER2− 2
ER+, PR−, HER2− 1
ER+, PR+, HER2− 1
ER−, PR−, HER2+ 1

Histological grade§

2 1
3 4

Number of mitoses/10 high power field
<11 1
>22 4

Initial chemotherapy regimen before HT
EC + docetaxel 3
FEC + docetaxel 1
Docetaxel + trastuzumab 1

Adjuvant hormonotherapy
Yes 2
No 3

Abbreviations: ER: oestrogen receptor, PR: progesterone receptor, HER2:
Human Epidermal Growth Factor Receptor 2, ∗AJCC Cancer Staging
Manual, Seventh Edition (2010), EC: epirubicin, cyclophosphamide, FEC:
5fluorouracil, epirubicin, cyclophosphamide, §Elston-Ellis modification of
Scarff-Bloom-Richardson grading system.

All patients received up-front NCT before radiation
delivery due to size and extent of disease and thus for the risk
of micrometastatic disease. Chemotherapy regiments used
before HT are detailed in Table 1. Clinical tumor response
(defined at last week of NCT) was reported as complete if
there was no palpable tumor in the breast, as partial if there
was a reduction in tumor size (product of the two greatest
perpendicular diameters) >50%, and as progressive disease
when there was an increase >50%. Tumors not meeting these
criteria were considered to be stable disease [14].

2.1. HT Planning and Radiation Delivery. In all 5 cases the
choice of HT was done after careful dosimetry planning
in three-dimensional conformal radiotherapy (3D CRT).
An “optimized” 3D field-in-field technique, associated with
internalmammary (IMN) electron-beamplanning,was used,
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(a) (b)

Figure 2: (a) Large breast tumor in one of our patients before initiation of treatment. (b)Macroscopic residual tumor (right image) on surgical
specimen from the same patient.

(a) (b)

Figure 3: (a) Coronal view of planning CT scan. (b) Dose colorwash of helical tomotherapy (HT) treatment plan.

which is the current standard in our department [15].
Two tangential fields with superimposed posterior borders,
matching supraclavicular (SCV) and IMN fields (when indi-
cated) were generated. For each tangent, one subfield was
created with the MLC shaped to shield the 107% isodose,
and the other increased the dose in the thickest part of the
breast, if necessary. A more comprehensive description of
this planning procedure has been published elsewhere [16].
The dosimetrical analysis using 3D CRT showed in all cases
inadequate target volume coverage and unacceptable high
doses to some critical organs.

The treatment planningCT scanwas performed 1-2weeks
after the last cycle of NCT. Patients were placed in the
supine position, on a breast board, with both arms abducted
alongside the head.The palpable breast tissue contour and the
tumor were delineated with radioopaque wires. Radioopaque
markers were also placed along the midsternum, as well as 1-
2 cm below the palpable breast limits. Images were acquired
from the upper neck to the midabdomen, using a 3mm
slice thickness and separation. The CT data were transferred
to a commercial treatment planning system (Eclipse 3D
version 8.1; Varian Medical Systems Inc., Palo Alto, USA).

The breast clinical target volume (CTV) was defined as the
tissue delineated by the aforementioned radioopaque wire. In
practice, on each transverse slice, the breast volume extended
from the pectoralis major muscle to the skin, excluding the
pectoralis muscle, ribs, or the first 3mm of skin except in
inflammatory tumors. Breast planning target volume (PTV)
was generated by adding a tridimensional margin of 5mm
around the breast CTV. The gross tumor volume (GTV) was
defined on the planning CT as the tissue delineated by the
radioopaquewire.Marginswere then added toGTVbased on
the information from initial clinical and radiological reports
(boost CTV). Boost PTV was defined adding an additional
margin of 5mmbeyond boost CTV.However, a simultaneous
integrated boost (SIB) was delivered in only one patient. The
regional lymph nodes (axillary (ALN), internal mammary
(IMN), supraclavicular (SCV)/infraclavicular (IFC)) were
delineated (whenever indicated) using our atlases [17, 18].The
heart was contoured from the level of the pulmonary trunk
to the apex and included the pericardium but not the major
vessels. Lungs, spinal cord, contralateral breast, esophagus,
and thyroid gland were also manually delineated (Figure 3).
The CT data and the structure sets were transferred to the
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Table 2: Parameters for organs at risk (OAR) during HT planning.

OAR Priority Blocking Importance Histogram dose-volume points

Contralateral lung 1 Directional 1000
5%-7Gy
30%-3Gy
50%-2Gy

Heart 2 Directional 1000 15%-10Gy
5%-15Gy

Homolateral lung 3 Directional 1000
50%-5Gy
15%-20Gy
5%-30Gy

Contralateral breast 4 Directional 1000 10%-3Gy
Spinal cord 5 Directional 300 30%-10Gy
Liver 6 Directional 300 20%-5Gy

tomotherapy planning station (TomoTherapy Hi-Art version
3.1.2.3; TomoTherapy Inc., Madison, USA). All plans used
a jaw width of 2.5 cm, a pitch of 0.286, and a modulation
factor of 2.5. Two complete blocks were created on the
treatment planning system to improve HT planning. Block
1 encompassed the whole contralateral breast and hemibody,
while block 2 encompassed the posterior part of the ipsilateral
side of the body.The initial DVHconstraints and penalties are
shown in Table 2. These were adjusted during optimization
to obtain adequate target volume coverage while minimizing
heart, lung, esophagus and thyroid irradiation. The aim was
to achieve a full PTV coverage between 95% and 107% of the
prescribed dose (with the 95% isodose set as the reference
isodose), to attain high target-dose homogeneity, tominimize
the volume of normal tissue that received a high dose, and
to keep the dose to critical structures below their tolerance.
For organs at risk (OARs), the dosimetric constraints were
set according to previously published toxicity data, reviewed
in the QUANTEC recommendations [19]. The heart volume
that received 25Gy was limited to 10% [20], and the 20Gy
volume of both lungs was limited to 30–35% [21]. Coverage
was considered adequate when the aforementioned criterion
was met. Furthermore, an effort was made to reduce the
treatment volume receiving more than 107% of the dose to
the tumor to less than 1%.

2.2. Concomitant Chemotherapy (CCT) Regimen Used in
Combination with HT. Concomitant chemotherapy (CCT)
consisted of 4 cycles of 5-fluorouracil (5-FU), 500mg/m2/d,
administered by continuous intravenous infusion over five
consecutive days (d1–d5), and vinorelbine, 25mg/m2, short
intravenous infusion on days 1 and 6. Courses were repeated
every 3 weeks for a total of four courses. Radiotherapy started
on day one of the second course of chemotherapy. Two cycles
were prescribed during radiotherapy. This CCT protocol was
tested in our institution in a phase II trial and was previously
published [22, 23].

2.3. Evaluations of Toxicity and Pathological Response.
Patients were seen on a weekly basis during HT. All toxicities

were graded according to the Common Terminology Criteria
for Adverse Events (CTCAE) v.4 [24].

Pathological response assessment on surgical specimen
took into account the proportion of residual tumor cells,
the location of this malignant component (invasive versus
intraductal), the mitotic index in malignant cells, and the
status of the metastatic axillary nodes. The response was
considered as pathologically complete (pCR) when there
was no residual invasive malignant epithelial cells in both
the breast and the axillary lymph nodes. Tumors with an
epithelial malignant residual component strictly in situ or
representing less than 5% of the breast and/or axillary tumor
mass andwithout anymitosis were also classified in the group
of pCR. The response was considered as absent (pSD) when
no histological modification of the tumor tissue could be
related to therapy and as partial (pPR) in the remaining cases.
This is according to the interpretation at the Institut Curie of
the definition proposed by Sataloff and colleagues of a “total
or near total therapeutic effect” [25, 26].

3. Results

Patient and initial tumor characteristics are described in
Table 1. All patients had invasive ductal adenocarcinoma and
had good performance status (ECOG score 0-1). Most NCT
regimens were taxane- and anthracycline-based regimens
(Table 1). Median number of delivered cycles was 8 (range:
6–8).

Planningwith 3DCRT revealed that the doses to PTVdid
not attain the 95% constraint in 3 cases (<85%). Furthermore,
mean (𝐷mean) and maximum dose (𝐷max) as well as V20
constraints for ipsilateral lung were not achieved with 3D
CRT in 4 patients. Equally,𝐷max andV25 for the heart hadnot
been achieved with 3D field-in-field technique in one patient
with a left-sided large tumor.

Histogram dose-volume points were achieved with HT
planning without deviation from the protocol for organs
at risk (Table 2). Prescribed doses of radiation varied from
47.5Gy in 25 daily fractions of 1.9 Gy to 50Gy in 25 fractions,
with simultaneous integrated boost to CTV of up to 55Gy
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in 25 fractions of 2.2 Gy. Delivered doses are described in
Table 3.

There was no toxic death. Early grade 3 skin toxicity in
the irradiated field was seen in 2 patients (patients numbers
4 and 5, Tables 3 and 4) both receiving CCT. These 2 patients
required treatment interruption for skin care at 46Gy/23 fx
(planned dose was 50Gy). The rest of patients experienced
grade ≤2 skin events. Patient number 1 (Tables 3 and 4) had
also stopped treatment at 41.8 Gy/22 fx (planned dose was
47.5 Gy/25 fx) while being scored with grade 2 skin toxicity,
due to extent of lesions as well as patient desire. There was
no grade >1 digestive toxicity. Grade 3 febrile neutropenia
was observed in 1 patient (number 5 in Table 4). No cardiac
or pulmonary toxicity was recorded during treatment and
follow up.

Clinical evaluation of response to HT was judged favor-
able, and all patients were finally considered eligible for
radical surgery. Modified radical mastectomy (MRM) with
axillary lymph node dissection (ALND) of the first two levels
was performed in all cases. Median time to surgery from last
day of radiotherapy was 43 days (range: 31 to 52). Pathological
response assessment on surgical specimen revealed pPR in all
patients, according to the modified Sataloff criteria (Table 4).
No patient achieved complete pathologic response.

Margins were negative in all cases (>0.7 cm in 4 cases,
5mm in one case). No fibrosis was described in the surgical
reports. One patient had wound infection and needed surgi-
cal drainage. Two patients had aspirations of lymphoceles.

Adjuvant treatments were decided according to patholog-
ical criteria and consisted of either chemotherapy (absence
of complete pathological response) and/or endocrine therapy
(presence of positive expression of ER/PR).

Median follow up was 15.4 months (range: 2 to 25.1). At
last follow up, 2 patients were still alive and free of disease,
presently undergoing endocrine therapy. One patient was lost
to follow up, and 2 patients had died frommetastatic disease.

4. Discussion

In the present study we have tested a relatively new form
of radiation combined with sequential and/or concomitant
chemotherapy. To the best of our knowledge this is the only
exploratory study of HT in inoperable LABC. As it can
be seen in Figure 2, these were patients requiring radiation
treatment on extremely large and complex target volumes.

HT appears to improve target coverage while sparing
OAR because of its ability to achieve a higher degree of
conformity to the PTV. The well-known ability of HT to
treat breast cancer with complex treatment volumes [12] and
regional lymph nodes [27, 28] has been published before.
Unfortunately, these studies are difficult to compare because
dosimetric reports have different aims and different clinical
situations.

In the current study, we have seen that HT can signifi-
cantly spare the ipsilateral lung (𝐷max < 40Gy) and reduce
the lung V20 and V5 below tolerance levels. Wang et al. [29]
showed the importance of the V5 which was a significant
factor for the subsequent development of pneumonitis with

a cut-off value of 42%. Therefore, the reduction of lung V20,
V5, and mean lung dose is an important feature.

HT was also used in our series with the intention to
avoid eventual cardiovascular toxicity, knowing that patients
had previously received anthracycline (with or without
bevacizumab) or taxane-based NCT. The reported rates
of cardiac dysfunction vary from 4 to 7% in patients
receiving Trastuzumab alone and up to 27% with con-
comitant trastuzumab, antracycline, and cyclophosphamid
[30]. Epirubicine (used also in our study) is associated
with 11.4% risk of cardiovascular toxicity [31]. The use of
modern radiation techniques has been associated with a
decline in cardiac mortality [32, 33]. In our patients, the HT
plans resulted in acceptable doses to the heart. V25Gy was
negligible (<0.15 cc) with slight increase in 𝐷mean compared
to 3D CRT. Our results are consistent with other studies in
which HT was tested in left-sided tumors with lymph node
disease. Caudrelier et al. [28] also reported that cardiac dose
was reducedwithHT compared to 3DCRT (V30Gy of 1.5%±
1.9% versus 3.2%±2.2%).Their𝐷mean of the heart was 7.0Gy
(±2.9Gy) versus 5.5 Gy ± 1.4 Gy (𝑃 = 0.2). Similar results
were published by Goddu et al. [27] who reported a decrease
in mean V35Gy (from 5.6% ± 4.8% to 2.2% ± 1.5%) in the
tomotherapy plans compared with 3D CRT. However, they
showed an increase in 𝐷mean to the heart compared to 3D
CRT (12.2 ± 1.8Gy versus 7.5 ± 3.4Gy).

The same protective cardiac feature of HT on the heart
(from high doses) was also described by Coon and colleagues
[34] in patients with unfavorable cardiac anatomy. In our
study none of our 5 patients (2 left-sided) experienced cardiac
dysfunction during follow up.

Regarding skin toxicity, our findings indicate that the
rate of severe acute events (grade ≥ 3 CTCAE) is potentially
increased by CCT, high radiation dose (>45Gy/25 fx to
lymph node volumes), and outspread of target volumes
(breast only versus breast and lymph nodes). Doses of
50Gy/25 fx to whole breast seem tolerable (without CCT
or lymph node irradiation) with possibility of simultaneous
boost to gross tumor volume (patient number 2, Tables 3 and
4). However, in treatment of both breast and lymph nodes
(especially with CCT) doses should be limited to 45Gy/25 fx
(1.8 Gy/fx) to lymph nodes and 50Gy/25 fx (2Gy/fx) to whole
breast. The toxicity of the above CCT regimen (combined
3D CRT) has been previously evaluated [23]. Nevertheless,
this study is the first to report the acute toxicity of this CCT
regimen combined with HT.

One of the most current challenges for radiation oncol-
ogists treating LABC patients is the field junction problem
seen with irradiation of lymph nodes around the breast.
In our cohort, 4 patients received HT irradiation of lymph
node areas (except patient number 2 in Table 3). These
patients were initially planned with conventional multiport
techniques (CMT). From our experience we know that
multiple adjacent fields can lead to either hot or cold spots in
target areas. Even if solutions exist to overcome this problem
(asymmetric jaws to create a half beam for SCV and IMN
fields and couch rotations to align tangents to SCV/IMN
fields), this adds complexity for the technologists during
patients setup [35]. HT has not only the ability to correct
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Table 3: Description of treatment volumes and prescribed radiation doses with helical tomotherapy.

Patient number
Total doses (Gy) Dose per fraction (Gy)

WB Lymph nodes TB WB Lymph nodes TB
IMN SCV

IFC ALN IMN SCV
IFV ALN

1 41.8 41.8 41.8 41.8 41.8 1.9 1.9 1.9 1.9 1.9
2 50 55 2 2.2
3 50 45 45 50 2 1.8 1.8 2
4 46 46 46 46 46 2 2 2 2 2
5 46 46 46 46 46 2 2 2 2 2
WB: whole breast, IMLN: ipsilateral internal mammary lymph nodes, SCV: ipsilateral supraclavicular fossa, IFC: ipsilateral infraclavicular fossa (level III
axillary), ALN: ipsilateral level I and II axillary lymph nodes, TB: tumoral bed.

Table 4: Treatment characteristics and results.

Patient
number TNM stage∬ Tumor maximal

diameter†
(mm)

WB
dose¶ (Gy)

CCT/number
of cycles

Early toxicity grade
(CTCAE v.4)

Surgical
specimen Pathological

response§

Skin Digestive Other‡ 𝑇
∗ size
(cm)

Nodal
status

1 T4bN2aM0 105 41.8 Yes/4 2 0 0 50 7+/11 PR
2 T4cN2aM0 160 50 No 1 1 0 64 0/13 PR
3 T3N0M0 75 50 Yes/4 2 0 1 22 0/15 PR
4 T4bN2aM0 85 46 Yes/4 3 1 0 4.5 2+/8 PR
5 T3N2bM0 88 46 Yes/2 3 0 3 17.6 1+/9 PR
∬AJCC cancer staging manual, seventh edition (2010), WB: whole breast, CCT: concomitant chemotherapy, CTCAE: Common Toxicity Criteria for Adverse
Events v.4, †baseline evaluation before all treatments, ¶delivered radiation dose, ‡cardiovascular and/or pulmonary and/or hematological toxicity, ∗residual
invasivemalignant epithelial cells, §interpretation at the Institut Curie of the concept proposed by Sataloff and colleagues (details in article), PR: partial response.

setup errors but also the capacity to deliver a continuous
craniocaudal delivery, which suppresses field junctions [36].

On the basis of the pathological analysis of surgical
specimens our findings suggest that PR is achievable with
HT and chemotherapy. Previous studies of LABC have
reported good pathological response rates with preoperative
chemoradiotherapy, but all used “conventional” radiation
techniques, often via tangential fields. Matuschek et al. [11]
reported a series of 315 LABC patients (cT1-cT4/cN0-N1).
Preoperative EBRT delivered 50Gy (5 × 2Gy/week) to the
whole breast, SCV/ICF nodes (255 of 315 patients), and IMC
with a boost in 214 cases. Chemotherapy was administered
prior to radiation in 192 patients and concomitantly in 113.
Although pathologic complete tumor and nodal remission
rate (pCR) was good (29.2%), in cT3 and cT4 patients
it was significantly reduced (28% and 20%, resp.). Shanta
and collegues [10] reported 1,117 consecutive LABC patients
with stage IIB–IIIB (TNM staging, Heidelberg, Springer-
Verlag; 1987) treated with neoadjuvant RT-CT (40Gy/20 fx,
5 fx/week combined with CMF, EC, or AC). Complete pCR
(pT0/pN0) was achieved in 33.7% of cases. While these
studies indicate that high pCR can be achieved with conven-
tional radiation techniques, detailed information on toxicity

from these studies is scarce. Having in mind that LABC
patients receive high doses of chemotherapy with potential
toxicity and that conventional radiotherapy techniques have
been associated with higher cardiac mortality [33], modern
radiation techniques like HT should be examined.

This study has some potential limitations that need to
be considered. First, this is a retrospective study with a
limited number of patients, and thus treatment results should
considered with caution. However, LABC is quite rare and
recruiting a significant number of patients is not easy. Second,
pathological response rates to our treatment may be related
to both NCT as well as HT combined or not with CCT. We
acknowledge the crucial role of chemotherapy in locoregional
control of LABC. In fact, as mentioned before, we have
previously studied the role of preoperative chemo-radiation
with the CCT regimen used in this study. We showed that
pathological control rates are high even with the use of con-
ventional radiation techniques.The purpose of this study was
not to assess the impact of the HT on pathological response
rates but rather to test the feasibility of HT in these complex
cases. Finally, breast tomotherapy needs human resources for
the preparation and delivery of treatment (contouring of all
target and organs-at-risk volumes, dosimetry optimization,
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and quality controls). Thus, small community centers may
not have sufficient financial resources for HT or human
personnel for the HT workload.

5. Conclusion

PreoperativeHTwith or without CCT appears to be a feasible
and promising alternative to highly conformal techniques in
the treatment of large inoperable breast cancers. Particular
attention should be given to evaluate acute skin toxicity
especially in patients receiving CCT. Larger studies are
warranted to better define HT doses and to evaluate long-
term toxicities.
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Deterministic linear Boltzmann transport equation (D-LBTE) solvers have recently been developed, and one of the latest available
software codes, Acuros XB, has been implemented in a commercial treatment planning system for radiotherapy photon beam
dose calculation. One of the major limitations of most commercially available model-based algorithms for photon dose calculation
is the ability to account for the effect of electron transport. This induces some errors in patient dose calculations, especially near
heterogeneous interfaces between low andhigh densitymedia such as tissue/lung interfaces.D-LBTE solvers have a high potential of
producing accurate dose distributions in and near heterogeneous media in the human body. Extensive previous investigations have
proved that D-LBTE solvers were able to produce comparable dose calculation accuracy asMonte Carlo methods with a reasonable
speed good enough for clinical use. The current paper reviews the dosimetric evaluations of D-LBTE solvers for external beam
photon radiotherapy.This content summarizes and discusses dosimetric validations for D-LBTE solvers in both homogeneous and
heterogeneous media under different circumstances and also the clinical impact on various diseases due to the conversion of dose
calculation from a conventional convolution/superposition algorithm to a recently released D-LBTE solver.

1. Introduction

Highly conformal photon dose distributions in various treat-
ment sites can be achieved using different techniques of
multileaf collimator-based intensity modulated radiotherapy,
including static intensity modulated radiotherapy (IMRT)
and volumetric modulated arc therapy (VMAT). Radio-
therapy using intensity modulated techniques improves the
possibility to escalate the target dose and minimize doses
to critical organs when compared to three-dimensional con-
formal radiotherapy [1–11]. The use of IMRT or VMAT in
patients usually involves many small field segments, some of
which might pass through regions of low and high density
media such as lung, air, and bone, depending on the location
of the tumor and the surrounding normal tissues. One issue
that affects the dose calculation accuracy in highly conformal
planning is the ability of the algorithm to correctly account
for the effects of radiation transport with the presence of
heterogeneous medium.

Correction-based algorithms implemented in commer-
cially available clinical treatment planning system include the
pencil beam algorithm (PBC), collapsed cone convolution
algorithm (CCC), and the analytical anisotropic algorithm
(AAA). For PBC, it assumes that any collimated photon beam
incident on the patient is composed of a large number of
infinitely narrow pencil beams of photons. The total dose is
calculated by superposition of pencil beam dose kernels at
each point in space around the incident beam derived from
Monte Carlo simulations. The effects of tissue variations and
patient contour are usuallymodeled based on equivalent path
length methods or the modified Batho correction method
[12–14]. More advanced superposition/convolution methods
such as AAA and CCC are able to incorporate electron
and secondary photon transport in an approximate way for
dose calculations in a heterogeneousmedium.Thesemethods
use the superposition of the Monte Carlo derived dose
kernels of both primary and scatter components to obtain
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doses in voxels of the irradiated volume. To account for the
presence of inhomogeneities, simple density scaling of the
kernels is applied so that the secondary electron transport
is only modeled macroscopically. Both AAA and CCC were
proved to produce inaccurate dose distribution inmedia with
complex heterogeneities in certain circumstances [14–18].

The Monte Carlo (MC) methods have been consid-
ered the most accurate methods for radiotherapy treatment
planning dose calculation. They are statistical simulation
methods based on random sampling.They solve the radiation
transport problem stochastically by simulating the tracks of a
sufficiently large number of individual particles using the ran-
dom number generated probability distribution governing
the individual physical processes. They are therefore capable
of accurately computing the radiation dose in media under
almost all circumstances [19, 20]. However, the computation
time required may still limit the use of MC methods for
complex intensity modulated techniques in the clinical envi-
ronment.

The desire to develop a fast alternative dose calculation
method with comparable accuracy to MC methods has
led to the exploration of deterministic solutions to the
coupled system of linear Boltzmann transport equations
(LBTE) [21–26]. It was first demonstrated using the prototype
software, Attila, which was a general purpose grid-based
Boltzmann solver code. It was followed by Acuros developed
by Transpire, Inc. (Gig Harbor,WA, USA), specially designed
for radiotherapy dose calculations. Recently, a version of
deterministic LBTE solver, namely, Acuros XB (AXB), has
been developed and implemented in the Eclipse treatment
planning system (Varian Medical Systems, Palo Alto, CA,
USA). The LBTE is the governing equation that describes
the macroscopic behavior of ionizing particles as they travel
through and interact with matter. The electron angular flu-
ence is first obtained by solving the LBTE, and then the dose
can be generated by using the macroscopic electron energy
deposition cross-sections and the density of the materials.
With sufficient refinement without using any approximation,
that is, if an MC algorithm simulates an infinite number
of particles and a deterministic LBTE (D-LBTE) solver
discretizes the variables such as space and energy into
infinitely small grids, both approaches will converge on the
same solution.The achievable accuracy of both approaches is
equivalent and is limited only by uncertainties in the particle
interaction data and uncertainties related to the transported
radiation fields. Extensive efforts have been made by several
investigators to validate the accuracy of D-LBTE solvers in
different circumstances by comparison against MC and by
experimental verification against measurements. Performed
validations ranged from using a simple geometric phantom
with simple fields to a complex humanoid phantom with
multiple intensity modulated fields. Most studies reported
that D-LBTE solvers were capable of producing comparable
accuracy as MC methods and either equivalent or better
accuracy than superposition/convolution algorithms [22–
35]. Dosimetric impact on different media of various clinical
sites due to the conversion of the currently used model-
based algorithms to the newly implemented D-LBTE solvers
was also investigated by several authors [32, 36–38]. This

paper summarizes and discusses the findings of the most
recent dosimetric evaluation for D-LBTE solvers in various
treatment sites.

2. The Deterministic LBTE Solvers

More detailed description of the D-LBTE solvers can be
found in the literature [21–26]. Only a summary is reported
here.

The time-independent three-dimensional (3D) system
of the coupled LBTE is solved to determine the energy
deposition of photon and electron transport:
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⇀

𝑟 ∈ 𝑉,

̂

Ω ∈ 4𝜋, 𝐸 > 0,

(2)

whereΦ𝛾 andΦ𝑒 are the photon and electron angular fluence,
respectively, 𝜎𝛾 and 𝜎𝑒 are the macroscopic photon and
electron total interaction cross-sections for all materials in
volume 𝑉 and energies, respectively, 𝑞𝛾𝛾, 𝑞𝛾𝑒, and 𝑞𝑒𝑒 rep-
resent the photon scattering source generated from photon
interaction, electron scattering source generated fromphoton
interaction, and electron scattering source generated from
electron interactions everywhere in 𝑉 for all angles and
energies, respectively, 𝑞𝛾 and 𝑞𝑒 represent the external photon
and electron source from the treatment head, respectively,
⇀

𝑟 is the spatial position vector, 𝐸 is the energy, ̂Ω is the
unit vector denoting particle direction, and ⇀∇ is referred
to as the “streaming operator” which may be interpreted as
the number of particles flowing into a volume 𝑑𝑉, minus
the number of particles flowing out of 𝑑𝑉 for particles
travelling in a direction 𝑑Ω about Ω with energy 𝐸 about
𝑑𝐸. The second terms on the left-hand side of (1) and (2)
are the “collision operators,” which may be thought of as the
number of particles removed from the volume by absorption
or scattering. Equation (2) is the Boltzmann Fokker-Plank
transport equation, which is solved for the electron transport.
The third term on the left-hand side of (2) represents
the continuous slowing down operator, where 𝑆

𝑅
is the

restricted plus collisional radiative stopping power. Equations
(1) and (2) are usually solved through discretization in space,
angle, and energy. Energy discretization is achieved with
the standard multigroup method. Space discretization can
be achieved with a variably sized Cartesian adaptive mesh
refinement technique (used by AXB) or by using a high-order
Galerkin-based linear discontinuous finite-element method
to solve the multigroup discrete ordinates equations on
fully unstructured tetrahedral elements (used by Attila). For
the former technique, the mesh is limited to refinement
in factors of 2 or smaller in any direction. This allows
for the use of finer resolution in higher dose and high
dose gradient regions. Angle discretization for fluences and
scattering sources is achieved with the standard ordinates
method, where the quadrature order is adaptive by the energy
group.The photon angular fluence of (1) is the summation of
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uncollided (primary photon without interaction withmatter)
and collided fluence components (photons produced or scat-
tered by photon interactions in the patient), where the latter
is discretized using a linear discontinuous finite-element
method, providing a linear solution variation throughout
each element, with discontinuities permitted across element
faces. After solving the electron angular fluence, the dose in
any grid voxel, 𝑖, is calculated as follows:

𝐷

𝑖
= ∫

1

0

𝑑𝐸∫

4𝜋

𝑑

̂

Ω(𝜎

𝑒

ED (
⇀

𝑟 , 𝐸))

𝜌 (

⇀

𝑟 )

Φ

𝑒
(

⇀

𝑟 , 𝐸,

̂

Ω) , (3)

where𝜎𝑒ED is themacroscopic energy deposition cross-section
and 𝜌 is the material density of the local voxel.

Similar to the MC methods, D-LBTE solvers also use
energy cut-offs for electrons and photons. A particle is
assumed to deposit all of its energy locally below the cut-off
energy. For example, AXB uses an electron cut-off energy of
500 keV and a photon cut-off energy of 10 keV. Assumptions
similar to those used in some MC methods are also applied
to (1) and (2) of D-LBTE solvers. It is assumed that both
secondary charged particles produced by pair production
are electrons, not one electron plus one positron. It is also
assumed that photons produce electrons, but electrons do
not produce photons. The energy from photons produced by
the electrons is assumed to be deposited locally. For (2), it is
assumed that the Fokker-Planck operator is used for “soft”
interactions leading to small-energy losses. Catastrophic
interactions leading to large energy losses are represented
with the standard Boltzmann scattering.

Both MC methods and D-LBTE solvers produce errors.
MC methods produce stochastic errors when an insufficient
number of particle histories is followed. LBTE solvers pro-
duce systematic errors due to finite discretization resolution
in space, angle, and energy. Better accuracy always requires
longer computation time. In addition, the achievable accu-
racy of MC and D-LBTE solver is limited by uncertainties in
particle interaction data, patient geometry, and composition
of the radiation field being modeled.

Similar to some MC methods, two options of dose
reporting modes, that is, dose-to-water, 𝐷

𝑤
, and dose-to-

medium, 𝐷
𝑚
, are usually provided in D-LBTE solvers. Both

options calculate dose considering the elemental composition
of each material in which particles are transported. The
difference between them is mainly in the postprocessing step,
in which 𝐷

𝑤
is obtained by rescaling 𝐷

𝑚
using the stopping

power ratio of water to medium.

3. Validation in Homogeneous Water

It is important to validate a new dose calculation algorithm
in basic geometrical conditions such as that in homoge-
neous water before going ahead for more complicated ones.
The information regarding the accuracy in simple cases is
important to identify the sources of errors or uncertainties
in more complicated geometries. Fogliata et al. performed
a comprehensive assessment of AXB in Eclipse to model
photon beams of low and high energy in homogeneous water

with simple geometries [26]. They also included “flattening
filter free” (FFF) beams from the Varian TrueBeam machine.
The use of an FFF beam significantly increases the dose
rate and therefore reduces the delivery time of a treatment
machine. Due to the removal of flattening filter, the physical
aspects of FFF beams are different from those of conventional
flattened ones, including forward peaked intensity profiles
in the middle instead of uniform flat profiles across the
fields, steeper dose fall-off of percentage depth doses in the
exponential region, less variation of off-axis beam hardening,
lower mean energy, less photon head scatter, and higher sur-
face dose. For conventional flattened beams, the performance
of AXB was determined by comparison of calculated data
against measured data in water for open and wedged fields.
For FFF beams, the verification tests were performed for open
fields only.The overall accuracy was found to be within 1% for
open beams and 2% for mechanical wedges.

Testing the performance of AXB using open fields in
homogeneous water was also performed by several other
investigators [27, 28, 32]. Doses calculated using AXB were
compared to measured/golden beam data, data calculated
using AAA and CCC, as well as MC simulated data using
different field sizes for different energy beams.Output factors,
percentage depth doses (PDD), and lateral dose profiles at
various depths were examined. In general, the agreement
between the calculated data generated by the various models
and the measured/golden beam data were found to be
better than or close to 2%, with slightly larger discrepancies
found in the build-up and penumbra regions. The calculated
penumbral widths were usually found to be slightly smaller
than the measured ones.

In homogeneous water, comparable performance was
found between AXB and AAA/CCC. This was expected as
most commercially available correction-based algorithms,
and radiation transport algorithmswere capable of accurately
predicting the photon beamdose distribution in homogenous
water. The discrepancies between calculated data and mea-
sured data were mostly limited by the precision and spatial
resolution of the beam measurement devices used, especially
in regions of high dose gradient. For example, the use of ion
chamber with finite size for measuring dose profiles would
broaden the penumbra width.

4. Verification with Inhomogeneous
Simple Geometric Phantom Using
Single Open Fields

Several investigations have been performed to examine the
accuracy of several different D-LBTE solvers for predicting
the dose distribution in heterogeneous simple geometric
phantoms using single fields of different photon energies
[22, 25, 27–31]. The media of interest included soft tissue,
normal lung, light lung, air, bone, aluminium, stainless steel,
and titanium alloy. Most of the verifications were performed
by benchmarking against the dose distributions calculated
by MC methods. Table 1 summarizes the methods, phantom
geometries, beam configurations, and comparison results
between MC and D-LBTE solvers of some previous inves-
tigations. In general, good agreement was found between
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Table 1: A summary describing information of some previous investigations for the accuracy of D-LBTE solvers in predicting the doses in
heterogeneous simple geometric phantoms using single open fields.

Published
investigations

Gifford et al. 2006
[22]

Vassiliev et al. 2010
[25]

Bush et al. 2011
[27] Han et al. 2011 [28] Kan et al. 2012

[30]

Lloyd and
Ansbacher 2013
[31]

Beam energy 18MV 6 and 18MV 6 and 18MV 6 and 18MV 6MV 6 and 18MV

Field sizes 1.5 × 1.5 cm2
2.5 × 2.5 cm2

5.0 × 5.0 cm2

10.0 × 10.0 cm2

4.0 × 4.0 cm2

10.0 × 10.0 cm2

15.0 × 10.0 cm2

2.5 × 2.5 cm2

5.0 × 5.0 cm2

10.0 × 10.0 cm2

2.0 × 2.0 cm2

3.0 × 3.0 cm2

5.0 × 5.0 cm2
10.0 × 10.0 cm2

Phantom(s)
geometry

One multilayer
phantom:
water (0–3 cm),
aluminium, Al
(3–5 cm),
lung (5–12 cm),
water (12–30 cm)

One multilayer
phantom:
water (0–3 cm),
bone (3–5 cm),
lung (5–12 cm),
water (12–30 cm)

Two phantoms:
(i) one with a
single insert of
normal lung,
light lung, or air
in water,
(ii) a bone/lung
phantom with
several
disk-shaped
bony structures

One multilayer
phantom:
water (0–3 cm),
bone (3–5 cm),
lung (5–12 cm),
water (12–30 cm)

30.0 × 30.0 ×

30.0 cm3 of
water
containing 5.0 ×
5.0 × 30.0 cm3 of
air

20.0 × 20.0 ×

20.0 cm3 of muscle
cube containing
2.0 × 2.0 × 18.0 cm3

of stainless steel or
titanium alloy

Monte carlo
simulation

EGS4/Presta,
0.3% statistical
uncertainty,
resolution:
0.5 × 0.5 × 0.2 cm3

voxels

DOSXYZnrc,
<0.1% statistical
uncertainty,
resolution:
0.2 × 0.2 × 0.2 cm3

voxels, 0.1 cm
laterally in
penumbra region

DOSXYZnrc
∼1% statistical
uncertainty in
media except up
to 4.5% in air,
resolution:
0.25 × 0.25 ×

0.25 cm3 voxels

DOSXYZnrc,
<1% statistical
uncertainty,
resolution:
0.2 × 0.2 × 0.2 cm3

voxels for most
volume,
0.1 × 0.1 × 0.2 cm3

near water/bone
and bone/lung
interfaces

EGS4/Presta,
2.0% statistical
uncertainty,
resolution:
1/10 of field
dimensions with
0.2mm bin
thickness

DOSXYZnrc,
∼1% statistical
uncertainty,
resolution:
0.2 × 0.2 × 0.2 cm3

voxels

D-LBTE solver Attila code Acuros
(Transpire, Inc.)

AXB of version
10 AXB of version 10 AXB of version

10 AXB of version 11

Dose
distribution
examined

PDD PDD and lateral
profiles

PDD and lateral
profiles

PDD, lateral
profiles, and 3D
gamma evaluation

PDD PDD and lateral
profiles

Difference
between
D-LBTE solver
and Monte
Carlo
simulation

Average
discrepancy is
1.4%, with 2.2%
maximum
discrepancy
observed at
water/Al interface

For 6MV, max.
discrepancy <
1.5%, with DTA <
0.7mm in the
build-up region.
For 18MV, max.
discrepancy < 2.3%
with DTA <
0.3mm in the
build-up region

Discrepancies
were within 2%
in lung, 3% in
light lung, up to
4.5% in air, 1.8%
in bone, with
slightly larger
discrepancy (up
to 5%) at
interfaces

For 6MV, average
discrepancy of 1.1%
in PDD and 1.6%
in dose profiles.
For 18MV, average
discrepancy of
1.6% in PDD and
3.0% and dose
profiles

Discrepancies
are mostly
within 2%, with
slightly higher
discrepancy (up
to 6%) at the
air/tissue
interface in the
secondary
build-up region

In general good
agreement between
AXB and MC, with
an average gamma
agreement with a
2%/1mm criteria of
91.3% to 96.8%

D-LBTE solvers and MC, with discrepancies of better than
or equal to 2% in most cases. Verification using AXB of
version 10 showed that therewere slightly larger discrepancies
of up to about 4 to 6% found in the presence of very low
density media such as light lung or air, especially at/near the
interface in the secondary build-up region when small fields
were used [27, 30]. The accuracy of D-LBTE solvers depends
on the material assignment and the level of sampling the
structure voxels to the calculation grid. Fogliata et al. showed
that the version 11 of AXB gave better agreement with MC
when predicting doses in the presence of air than the version
10.0 of AXB, which was due to the inclusion of air material

assignment (airmaterial was not included in version 10.0) and
the provision of better resampling process of the structure
voxels to the calculation grid [29].

Some of these studies also compared the accuracy of AXB
with AAA [29–31], one of which performed the comparison
with CCC as well [28]. All of them observed considerably
larger differences between AAA and MC than those between
AXB and MC in the presence of lung, air, and very high
density objects especially near the interfaces. It was found that
AXB could improve the dose prediction accuracy over both
AAA and CCC in the presence of heterogeneities. It should
also be noted that the depth dose profile data presented
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by Han et al. showed that CCC produced slightly better
agreement withMC thanAAA in both lung and bone regions
[28].

5. Verification Using Multiple Clinical Setup
Fields with Humanoid Geometry

5.1. Verification by Comparison with Monte Carlo Simulation.
Some investigations were performed to examine the accuracy
of D-LBTE solvers by comparison against MC methods
for clinical setup fields [24, 25]. One study compared the
dose distributions from one prostate and one head-and-
neck clinical treatment plans calculated by Attila to those
calculated by MC using the DOSXYZnrc program. Both
plans were generated using the CT image data set of the
real patients using multiple coplanar open fields. 3D gamma
evaluation showed that 98.1% and 98.5% of the voxels passed
the 3%/3mm criterion for the prostate case and the head and
neck case, respectively.

Another study compared the dose distributions from a
tangential breast treatment plan calculated by Acuros (Tran-
spire, Inc.) to those calculated by MC using the DOSXYZnrc
program. The plan was generated on an anthropomorphic
phantom with two tangential fields using a field-in-field
technique. Field shapes were defined by amultileaf collimator
using both 6 and 18 MV beams. The 3D gamma evaluation
showed that the dose agreement was up to 98.7% for the
2%/1mm criterion and reached 99.9% for the 2%/2mm cri-
terion. The differences were mostly found in the air external
to the patient and in the lateral penumbra on the inside edge
of the fields.

In general, both studies showed excellent agreement
between D-LBTE solvers and MC in all regions including
those near heterogeneity and with the use of small fields.
These studies indicated that D-LBTE solvers were able
to produce similar accuracy as MC methods for compli-
cated geometries. However, the achievable accuracy of MC
approach was also limited by uncertainties of the parti-
cle interaction data, the geometry and composition of the
field being modeled, and other approximations made in
radiation transport. Comprehensive validations of D-LBTE
solvers should also cover comparisons against experimental
measurements. Treatment plans with more complex inten-
sity modulated fields, such as IMRT and VMAT, were not
included in these studies.

5.2. Verification by Comparison against Measurements. Ver-
ifications of AXB against measurements using IMRT and
VMAT plans for various diseases were reported [30, 32–35].
Humanoid phantoms used include the Radiological Physics
Center (RPC) phantoms, the anthropomorphic phantom (the
RANDO phantom, The Phantom Laboratory, Salem, NY,
USA), and the CIRS Thorax Phantom (CIRS, VA, USA).
Table 2 summarizes some of the details including methods
and results of each verification study. Regarding verification
using thermoluminescence dosimeters (TLDs), all the calcu-
lated data matched with the measured data are within 5%,
with an average discrepancy of about 2 to 3%. The positions

of measurement included those inside the heterogeneous
medium and near/at the interfaces.

For the gamma analysis using EBT films, the passing rate
of the 3%/3mm criterion met the recommendation (should
be >90%) set by TG 119 for the studies performed in the
nasopharyngeal region and the lung, where heterogeneities
exist. However, the one performed using the RPC head and
neck phantom, where only tissue equivalent material was
involved, could only produce a passing rate of 88% for the
5%/3mm criterion [33]. The inferior results reported might
be due to the larger uncertainty of the film registration
method during analysis.

All experimental validations listed also compared the
accuracy between AXB andAAA.The accuracy of both when
compared to TLDmeasurement was quite comparable except
for the investigation using intensity modulated stereotactic
radiotherapy (IMSRT) in locally persistent nasopharyngeal.
For the IMSRT cases, AXB demonstrated better accuracy
near air/tissue interfaces when compared with AAA. This
might be due to the very small field segments used in
IMSRT cases with the presence of air cavities. For validations
performed with films, the accuracy of AXB was in general
shown to be slightly better than that ofAAA.When compared
to TLD, films could measure a much larger number of
points in a single measurement and provided better spatial
resolution. This might be the reason why films could better
distinguish between the accuracies of AAA and AXB even
when the difference was small.

6. Dose in Medium against Dose in Water

For external photon beam radiation therapy planning, the
input data used for most conventional correction/model-
based dose algorithms are dose distributions and beam
parameters measured in water. They usually report patient
dose in terms of the absorbed dose to water (𝐷

𝑤
) using

variable electron density. On the other hand, LBTE solvers
calculate the energy deposition considering radiation parti-
cle transport in different media and therefore report dose
directly to patient medium (𝐷

𝑚
). According to the recom-

mendation from the American Association of Physicists in
Medicine (AAPM) Task Group 105, MC results should allow
conversion between 𝐷

𝑚
and 𝐷

𝑤
, based on the Bragg-Gray

cavity theory, either during or after the MC simulation.
This recommendation also applies to all other deterministic
algorithms that are able to report 𝐷

𝑚
accurately for plan

evaluation [39]. 𝐷
𝑚

calculated by LBTE solvers can be
converted to𝐷

𝑤
using the Bragg-Gray cavity theory by

𝐷

𝑤
= 𝐷

𝑚
(

𝑆

𝜌

)

𝑤

𝑚

, (4)

where (𝑆/𝜌)𝑤
𝑚

is the unrestricted water to medium mass
collision stopping power ratio averaged over the energy
spectra of primary electrons at the point of interest. It
has been recently debated whether the 𝐷

𝑚
dose inherently

predicted by MC methods needs to be converted to 𝐷
𝑤
.

There are certain arguments between using 𝐷
𝑚
and 𝐷

𝑤
for

radiotherapy treatment planning in the clinical environment.
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Table 2: A summary of information on some previous experimental validations for the accuracy of D-LBTE solvers in predicting the doses
in heterogeneous humanoid phantoms using multiple clinical setup fields.

Published
investigations Han et al. 2012. [33] Kan et al. 2013 [34] Kan et al. 2012 [30] Han et al. 2013 [35] Hoffmann et al.

2012 [32]

Disease of interest Oropharyngeal
tumor

Nasopharyngeal
carcinoma

Locally persistent
nasopharyngeal
carcinoma

Lung cancer Tumor in
mediastinum

Media involved Water equivalent
materials

Tissue, air, and
bone

Tissue, air, and
bone Tissue and lung Tissue, lung, and

bone

Treatment technique
used IMRT, VMAT IMRT, VMAT IMSRT IMRT, VMAT

A total of 11
different plans
including opposing
fields, multiple
fields, IMRT, and
VMAT.

Phantom used RPC head and
neck phantom

Anthropomorphic
phantom
(RANDO)

Anthropomorphic
phantom
(RANDO)

RPC thorax
phantom

CIRSThorax
phantom

Measurement device TLD and EBT film TLD and EBT film TLD TLD and EBT film EBT film

LBTE solver
AXB version 11
using both𝐷

𝑚
and

𝐷

𝑤

AXB version 10
using both𝐷

𝑚
and

𝐷

𝑤

AXB version 10
using𝐷

𝑚
only

AXB version 11
using both𝐷

𝑚
and

𝐷

𝑤

AXB version 10
using𝐷

𝑚
only

Observed results

For TLD, deviation
within 5%.
For gamma
analysis with film,
88% passed
5%/3mm criterion
for both𝐷

𝑚
and

𝐷

𝑤

For TLD, deviation
within 5%, with an
average of 1.8%.
For gamma
analysis with film,
91% passed
3%/3mm criterion
for𝐷

𝑚
and 99% for

𝐷

𝑤

For TLD,
deviation within
3%

For TLD, deviation
within 4.4%.
For gamma
analysis with film,
∼97% passed
3%/3mm criterion
for𝐷

𝑚
and 98% for

𝐷

𝑤

For gamma
analysis with film,
98.2% passed the
3%/3mm criterion
for 6MV and
99.5% for 15MV

Those supporting the use of 𝐷
𝑤
argued that (1) therapeutic

and normal tissue tolerance doses determined from clinical
trials were based on 𝐷

𝑤
as photon dose measurements and

calculations were historically reported in terms of 𝐷
𝑤
, (2)

calibration of treatment machines were performed according
to recognized dosimetry protocols in terms of the absorbed
dose to water, and (3) tumor cells embedded within any
medium such as bone were more water-like than medium-
like. Those supporting the use of𝐷

𝑚
argued that (1) the dose

to the tissues of interest was the quantity inherently computed
by radiation transport dose algorithms and therefore was
more clinical relevant and (2) the conversion of 𝐷

𝑚
back

to 𝐷
𝑤

might induce additional uncertainty to the final
calculated dose.

Several studies proved that the difference between using
𝐷

𝑤
and 𝐷

𝑚
for predicting photon dose distribution mainly

occurred in higher density materials such as the cortical
bone. The dose discrepancy could be up to 15% due to the
large difference between the stopping powers of water and
these higher-density materials. For soft tissues and lung,
the dose discrepancy was only about 1 to 2% [33, 35, 40].
An investigation by Dogan et al. based on the MC method
found that converting 𝐷

𝑚
to 𝐷
𝑤
in IMRT treatment plans

introduced a discrepancy in target and critical structure of up
to 5.8% for head and neck cases and up to 8.0% for prostate
cases when bony structures were involved [41]. Kan et al.

also observed that AXB using𝐷
𝑤
calculated up to 4% higher

mean doses for the bony structure in planning target volume
(PTV) when compared to 𝐷

𝑚
in IMRT and VMAT plans of

NPC cases [34]. Figure 1 shows the difference in dose volume
histograms (DVHs) between𝐷

𝑚
and𝐷

𝑤
for different organs

at risk (OAR) and PTV components (both bone and soft
tissues). They were generated by AXB using both 𝐷

𝑚
and

𝐷

𝑤
for a typical VMAT plan of an NPC case. It can be seen

from the DVH curves that larger dose differences were found
between 𝐷

𝑚
and 𝐷

𝑤
in organs with bony structures such as

mandible than those with soft tissue such as parotids.
Previous studies usingMonteCarlo andAXB calculations

proved that conventional model based algorithms predicted
dose distributions in bone that were closer to 𝐷

𝑚
distribu-

tions than to 𝐷
𝑤
distributions [34, 42]. It is therefore better

to use 𝐷
𝑚
for consistency with previous radiation therapy

experience.

7. Dosimetric Impact in Clinical Cases

Various studies were performed to assess the dosimetric
impact of using AXB instead of AAA for dose calculations in
different clinical cases, including lung cancer, breast cancer,
and nasopharyngeal carcinomas [36–38]. AXB calculations
for these investigations were all performed using the 𝐷

𝑚

option, so that the capability of the algorithm to distinguish
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Figure 1: DVH curves for different OAR and PTV components
generated by AXB with both 𝐷

𝑚
and 𝐷

𝑤
calculation options for a

typical VMAT plan of an NPC patient.

between different elemental compositions in the human body
could be assessed. The grid resolution for dose calculation
selected was 2.5mm. In order to evaluate the dose differences
between the two algorithms due to the issue of tissue
heterogeneity, the PTV were divided into components of
different densities and compositions during dose analysis.

7.1. Lung Cancer. Theclinical dosimetric impact for advanced
non-small-cell lung cancer was assessed using three differ-
ent techniques: three-dimensional conformal radiotherapy,
IMRT, and RapidArc (the name of the VMAT system from
Varian Medical Systems Inc., Palo Alto, CA, USA) at both 6
and 15MV [36]. The PTVs were split into two components,
namely, PTV in soft tissue and PTV in lung. The dose
prescription was 66Gy at 2Gy per fraction to themean target
dose for each planning technique. The results demonstrated
that AXB predicted up to 1.7% and 1.2% lower mean target
doses in soft tissue for 6MV and 15MV beams, respectively,
and up to 1.2% higher and 2.0% lower mean target doses in
lung for 6MV and 15MV beams, respectively. In general,
AAA overestimated the doses to most PTV components,
except for PTV in lung when using IMRT at 6MV, where
the opposite trend was observed. AXB predicted up to 3%
lower mean doses to OAR. The observed trend was similar
for different treatment techniques.

7.2. Breast Cancer. The dosimetric impact for breast cancer
was assessed using the opposing tangential field setting
technique at 6MV [37]. Doses in organs were analyzed
using patient datasets scanned under two different breathing
conditions, free breathing (FB, representing higher lung

density), and deep inspiration (DI, representing lower lung
density). The target breast was split into components in
muscle and in adipose tissue. It was observed that AAA
predicted 1.6%higher doses for themuscle thanAXB (version
11). The difference in doses predicted by both algorithms to
the adipose tissue was negligible. AAA was found to predict
up to 0.5% and 1.5%higher doses than using version 11 of AXB
in the lung region within the tangential field for FB and DI,
respectively. The authors comparing between versions 10 and
11 of AXB found negligible differences in the predicted doses
for tissue and normal lung. However, they observed that, for
the lower density lung in the condition of DI, version 11 of
AXB predicted an average of 1.3% higher dose than version
10.This was mainly due to themore accurate dose calculation
of version 11 for very low density lung achieved by including
the low density air in the material list.

7.3. Nasopharyngeal Carcinomas. The dosimetric impact for
NPC was assessed using IMRT and RapidArc at 6MV due to
the use of AXB version 10 compared to AAA [38]. The PTVs
with multiple prescriptions were separated into components
in bone, air, and tissue. AAA was found to predict about 1%
higher mean doses to the PTVs in tissue, 2% higher doses
to the PTVs in bone, and 1% lower doses to the PTVs in
air. AAA also predicted up to 3% higher doses to most serial
organs. It should be noted that AAA predicted up to 4%
higher minimum doses to the PTVs in bone, where the gross
tumor volume was located.

On the whole, the various investigations for different
treatment sites listed above demonstrated that in general
AAA predicted higher doses to PTV and OAR, when com-
pared with AXB. The overestimation by AAA was mostly
within 2% in soft tissues such as muscle and lung and could
be up to 4% in bone.

8. Discussions

Various studies showed that D-LBTE solvers were able to
produce satisfactory dose calculation accuracy in the pres-
ence of heterogeneous media, even at and near interfaces
of different material densities [22–35]. They were proved
to produce equivalent accuracy to MC methods and better
accuracy than convolution/superposition algorithms. These
results are expected as D-LBTEmethods model the radiation
transport process in a similar manner as MC methods.
There is still room for improvement in the latest version
of clinically available AXB regarding accuracy in physical
material assignment and calculation speed. For example, one
of the limitations of AXB is the restrictedmaterial assignment
range. If the CT dataset of a high density object contains
HU values corresponding to a mass density greater than
3.0 g/cm3, it is required to contain all voxels in a contoured
structure with manual assignment of mass density. That
means the mass density of the high density object must be
known for accurate dose calculations. The validation of AXB
by Lloyd and Ansbacher proved that it was able to predict the
back-scatter and lateral-scatter dose perturbations accurately
adjacent to very higher density objects (with density in
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the range from 4.0 to 8.0 g/cm3) [31]. However, in reality,
this would be difficult for real patient planning due to the
misinterpretation of HU values of high density implants
introduced by shadow artifacts in CT images.

When compared to MC methods, the use of D-LBTE
solvers might result in relatively shorter calculation time as
explicit modeling of a large number of particle interactions
is not required. Previous studies observed that the earlier D-
LBTE code, Attila, performed dose calculations faster than
the general purpose of MC method such as EGS4 or the
EGSnrc by an order of magnitude for both external beam
and brachytherapy planning [22, 24]. Acuros, which was
optimized for use in radiotherapy planning, was reported to
perform roughly an order of magnitude faster than Attila for
various clinical cases [25]. Furthermore, the latest version of
D-LBTE method, AXB, was reported to produce 3 to 4 times
faster speed for VMAT planning compared to AAA [36].The
above evidence indicates that D-LBTE methods can be a fast
and accurate alternative toMCmethods. However, it is in fact
difficult to perform direct comparison of the speed between
MC and D-LBTE solvers as it depends on the hardware
and the efficiency of the coding used. The computation
time of D-LBTE solvers might be further reduced in the
future by implementation on graphical processing units and
additional refinements. On the other hand, fast MC codes
have been developed to improve the speed of dose calculation
for clinical use. Examples include the Voxel-based Monte
Carlo (VMC, VMC++), Macro Monte Carlo, Dose Planning
Method (DPM), and MCDOSE [43–50]. Continuous devel-
opment ofmore efficientMCcodes in the futuremay compete
with currently commercial available D-LBTE methods in
terms of both accuracy and speed.

Although D-LBTE solvers were proved to be more
accurate than convolution/superposition algorithms, signif-
icant differences were mainly confined to certain extreme
conditions. These mainly include doses near heterogeneous
interfaces when using single or multiple small fields. Up to 8
to 10% higher doses near interfaces were predicted by AAA
compared with AXB when stereotactic small fields were used
in the presence of air cavity [30]. Smaller differences were
found when using IMRT and VMAT setup fields. Several
experimental verifications showed comparable dose accuracy
between AXB and AAA in soft tissues within complex
heterogeneous geometries for clinical intensity modulated
fields [33–35]. The studies assessing the dosimetric impact of
using AXB on various clinical sites also showed only about
1 to 2% lower means doses in all soft tissues predicted by
AXB compared to AAA [36–38]. Slightly larger differences of
about 4% were found in bony structures due to the fact that
AXB reported dose tomediumas default whileAAA reported
dose to water as default. Most of these comparison studies
were confined between AAA and AXB, as both of them are
implemented in the same treatment planning system. Com-
parison between AXB with other convolution/superposition
methods such asCCC for various clinical sites is not reported.
From the single field study performed by Han et al. [28] in
simple heterogeneous geometry, it can be predicted that CCC
may produce a closer dose distribution to AXB than AAA
for clinical multiple setup fields. It is because CCC predicts

more accurate doses near heterogeneous interfaces thanAAA
for single fields, and, like AXB, it reports dose to medium as
default.

Most dosimetric studies mentioned above indicated that
AAA slightly overestimated the doses to target volumes
compared to AXB. If D-LBTE methods are used instead of
model-based algorithms for treatment planning, it is very
likely that more doses will be given to the target volumes
provided that the prescribed doses by oncologists remain
unchanged. Whether such conversion will bring actual clin-
ical impact to the patients such as improvement in tumor
control probability for various clinical sites requires further
investigation.

9. Conclusions

On the whole, grid-based D-LBTE solvers were evaluated
by extensive investigations to be accurate and valuable dose
calculation methods for photon beam radiotherapy treat-
ments involving heterogeneous materials. They were proved
to produce doses in good agreement with MC methods
and measurements in different clinical sites using techniques
ranging from relatively simple to very complex intensity
modulated treatment. The use of D-LBTE solvers is highly
recommended for cases with heterogeneities. However, users
must be aware of the dosimetric impact on various treatment
sites due to the conversion from using model-based algo-
rithms to D-LBTE solvers.
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Background and Purpose. To present a novel helical TomoTherapy-based method for whole breast radiotherapy that has better
dosimetry and also has acceptable low-dose regions for lungs, heart, and contralateral breast compared with tangential field-in-field
IMRT (FIF-IMRT).Material and Methods. Ten patients with left-side breast cancer were planned with low-dose-area-constrained
helical TomoTherapy (LDC-HT) and FIF-IMRT. Dosimetry was compared for all techniques. Results.Coverage of the whole breast
was adequate with both techniques. Homogeneity index (HI) and conformity index (CI) were better with LDC-HT. LDC-HT
showed dosimetry advantages over FIF-IMRT for ipsilateral lung and heart in not only high-dose levels but also in low-dose levels
such as𝑉

10Gy and𝑉5Gy. For contralateral lung, both techniques can provide good protection, although themean dose of LDC-HT is
higher than that of FIF-IMRT.Conclusions.With LDC-HT, we obtained adequate target coverage, better HI andCI of target volume,
better sparing of organs at risk, and acceptably low-dose areas compared with FIF-IMRT. LDC-HT could be a feasible method in
whole breast radiotherapy. Clinical benefits of LDC-HT need further investigation.

1. Introduction

Adjuvant whole breast radiotherapy following breast con-
serving surgery is the standard of treatment for early-stage
breast cancer because it improves local control rates over
breast-conserving surgery alone [1]. The standard technique
for whole breast irradiation has been the delivery of two
tangential fields, an approach which has not significantly
changed for many decades.

Tangential 3D-CRT and field-in-field IMRT (FIF-IMRT)
are commonly used tangential techniques. FIF-IMRT for
whole breast irradiation is based on a standard tangential
beam arrangement, employing two directly opposed fields.
Subfields are added using forward or inverse planning to even
out volumes of high and low doses throughout the whole
breast volume; subfields are not usually used to spare the
organs at risk, that is, the heart and lungs. Compared with
3D-CRT, FIF-IMRT improves dose homogeneity in whole
breast radiotherapy, which correlates with less acute skin and
soft tissue toxicities and better cosmesis of the treated breast

in the long term [2]. But doses to heart and lungs are not
significantly improved compared with 3D-CRT.

Multifield intensity-modulated radiotherapy (MF-IMRT)
could achieve superior dose homogeneity and normal tissue
sparing and has been applied to many tumors. It involves
more complex beam arrangements and more beam angles
than FIF-IMRT. High-dose regions of ipsilateral lung and
heart for tumors of the left breast can be reduced compared
with FIF-IMRT [3]. However,MF-IMRT is associatedwith an
increased low-dose area, especially for organs not normally
irradiated in conventional tangential radiotherapy, such as
the contralateral lung and breast. Helical TomoTherapy (HT)
delivers a kind of MF-IMRT. In HT treatment, a gantry
continuously rotates around the patient while the patient is
translated through the beam delivery plane. Hundreds of
beamlets, created by passing a fan-beam through a high-
speed binary collimator, can be delivered from any gantry
angle. The use of all gantry angles might result in a large low-
dose area in the body that would normally receive only scatter
dose. The significance of this low-dose “bath” is unknown,
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although it is the main concern regarding late oncogenesis.
The purpose of this study is to provide a new method of
helical TomoTherapy-based whole breast radiotherapy which
minimizes the low-dose area.

2. Patients and Methods

2.1. Patients and Planning Images. In this study, the sample
comprised 10 left-side breast cancer patients treated with
breast conserving surgery and whole breast radiotherapy
at Peking Union Medical College Hospital, China, in 2011-
2012. All patients underwent 5mm slice thickness computer
tomography (CT) scanning in the supine position on an
inclined breast board with both arms abducted above the
head. Images were acquired from the lower part of neck to
5 cm below the lowest part of the breast, with radiopaque
wires marking the clinically detectable ipsilateral breast
borders.

2.2. Treatment Volumes and Organs at Risk. The clinical tar-
get volume (CTV) was the whole ipsilateral breast delimited
within the radiopaque wires. The planning target volume
(PTV) was generated by adding an 8mmmargin round CTV
to allow for respiratory motion and setup errors but confined
to the interior of the body outer contours reduced by 5mm.
Organs at risk (OARs) contoured were both lungs, heart, and
contralateral breast.

2.3. Dose Goals. The prescribed dose fractionation for the
whole breast was 46Gy in 2Gy daily fractions over 4-5 weeks.
We required that 95% of PTV receive 95% to 105% of the
prescribed dose. The treatment volume receiving more than
107% of the prescribed dose should be less than 1%. The
volume of ipsilateral lung receiving more than 40Gy (𝑉

40Gy),
30Gy (𝑉

30Gy), 20Gy (𝑉
20Gy), and 5Gy (𝑉

5Gy) should be as
low as possible. The volume of heart receiving more than
30Gy (𝑉

30Gy) and that of the contralateral lung receiving
more than 5Gy (𝑉

5Gy) were also minimized.

2.4. FIF-IMRT Planning. FIF-IMRT plans were also created
with Eclipse version 8.0 treatment planning software. FIF-
IMRT plans used the same energies and beam angles as
3D-CRT plans. Inverse planning was used to minimize the
volume receiving higher than 107% of the prescribed dose.

2.5. HT Planning. HT plans were created with TomoTherapy
treatment planning software. HT plans were delivered with
6MV X-rays. HT plan parameters consisted of a 2.5 cm field
width (FW), 0.287 pitch, and amodulation factor (MF) of 3.0.

A new support organ was defined for each patient as
follows. A tangential line were drawn at the posterior border
of traditional 3D-CRT beam, and the ipsilateral lung and
heart below this line were defined as a new structure “block
1.” The structure “block 1” was designated as “completely
blocked.” Contralateral lung and contralateral breast were
designated as “directionally blocked.”

2.6. Data and Statistical Analysis. Dosimetric data was
extracted from each planning system. Student’s t-tests were
used to compare data between LDC-HT and FIF-IMRT.
Differences were considered significant for 𝑃 < 0.05.

3. Results

3.1. Patient Characteristics. Ten patients with left-sided breast
cancer were selected for this study. PTV size varied from
424 cm3 to 885 cm3, with a mean of 630 cm3 and a median
of 650 cm3. PTV and organs at risk (OARs) cumulative dose
volume histograms (DVHs) and isodose distributions for a
typical left-sided breast plan are illustrated in Figure 1.

3.2. Target Volume. The average dosimetric characteristics
of the target for both techniques were presented in Table 1.
Target coverage was adequate in all patients for both LDC-
HT and FIF-IMRT. Mean volumes receiving at least 95% of
prescribed dose for both techniques were similar (98.73%
versus 98.53%; 𝑃 = 0.392). Mean 𝑉

110% seemed better for
LDC-HT than FIF-IMRT but not significantly (0.7% versus
15.68%; 𝑃 = 0.056). Mean target doses were significantly
lower for LDC-HT (48.28Gy versus 49.18Gy; 𝑃 = 0.002), but
maximum doses were not different (51.47Gy versus 51.36Gy;
𝑃 = 0.667). Homogeneity index (1.08 versus 1.10; 𝑃 = 0.001)
and conformity index (0.83 versus 0.76; 𝑃 = 0.023) were
better for LDC-HT than FIF-IMRT.

3.3. Organs at Risk (OARs). The average dosimetric char-
acteristics of the organs at risk for both techniques were
presented in Table 2. LDC-HT provided significant decreases
in 𝑉
5Gy (28% relative decrease), 𝑉

10Gy (30% decrease), 𝑉
20Gy

(35% decrease), 𝑉
30Gy (46% decrease), 𝑉

40Gy (61% decrease),
and mean dose (32% decrease) for ipsilateral lung. Similar
results were obtained for both lungs combined. Both tech-
niques provided very low doses to the heart, but LDC-HT
was better for the heart 𝑉

5Gy (57% relative decrease), 𝑉
10Gy

(59% decrease), 𝑉
20Gy (71% decrease), 𝑉

30Gy (82% decrease),
𝑉

40Gy (91% decrease), and mean dose (45% decrease). Both
techniques yielded very low doses to the contralateral lung
and contralateral breast with maximum doses less than 5Gy.
However, FIF-IMRT resulted in lower maximum and mean
doses for both contralateral lung and contralateral breast.

3.4. Treatment Time. Average treatment time for LDC-HT
was 718.5 s (range: 635.7–835.4 s). The treatment time did
not account for the patient setup and MVCT scan time.
We estimated the total treatment time per patient to be
approximately 20–25min for LDC-HT.The average beam on
time for FIF-IMRTwas 357.6 s (range: 309.0–391.0 s).We thus
estimated the total treatment time per patient to be 12–15min
for FIF-IMRT.

4. Discussion

Whole breast radiotherapy with boost following breast-
conserving surgery is the standard of care for early-stage
breast cancer patients. The 2-year local control rate could
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Figure 1: Isodose and cumulative DVHs for each technique.

Table 1: Average dosimetric characteristics of the target.

LDC-HT FIF-IMRT 𝑃 value
PTV
(prescribed dose: 46Gy)
𝑉

50.6Gy or 𝑉110% 0.7% 15.68% 0.056
𝑉

43.7Gy or 𝑉95% 98.73% 98.53% 0.392
Mean dose (Gy) 48.28 49.18 0.002
Maximum dose (Gy) 51.47 51.36 0.667
Homogeneity index 1.08 1.10 0.001
Conformity index 0.83 0.76 0.023

be higher than 90% [4]. And radiotherapy reduced the 10-
year risk of any (i.e., locoregional or distant) first recurrence
from 35.0% to 19.3% [5]. The main concern of whole breast

radiotherapy now is the reduction of patient toxicity. The
tangential technique for whole breast radiotherapy has not
significantly changed over many decades. FIF-IMRT in this
study is a type of tangential technique. FIF-IMRT could
reduce maximum target doses relative to 3D-CRT.

Multifield IMRT (MF-IMRT) has been widely used for
the treatment of head-and-neck and pelvic tumors. For
whole breast radiotherapy, MF-IMRT could improve dose
homogeneity and reduce high-dose areas of ipsilateral lung
and heart (for left-side tumors) [6–9]. However, it may
result in large low-dose regions in lungs, contralateral breast,
and heart that might cause late oncogenesis [10]. Helical
TomoTherapy is a new radiation technology that can provide
even better dosimetry than MF-IMRT by allowing radiation
to be delivered fromall gantry angles. But the low-dose region
may spread even wider with HT.
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Table 2: Average dosimetric characteristics of the organs at risk.

LDC-HT FIF-IMRT 𝑃 value
Ipsilateral lung
𝑉

5Gy 21.04 29.16 0.000
𝑉

10Gy 15.31 21.98 0.000
𝑉

20Gy 11.58 17.68 0.000
𝑉

30Gy 7.95 14.65 0.000
𝑉

40Gy 3.84 9.97 0.000
Mean dose (Gy) 6.12 9.02 0.000
Maximum dose (Gy) 49.98 49.12 0.069

Heart
𝑉

5Gy 4.19 9.73 0.000
𝑉

10Gy 2.75 6.67 0.000
𝑉

20Gy 1.45 4.96 0.000
𝑉

30Gy 0.67 3.73 0.000
𝑉

40Gy 0.20 2.38 0.001
Mean dose (Gy) 1.87 3.37 0.000
Maximum dose (Gy) 42.71 48.33 0.020

Contralateral lung
Mean dose (Gy) 0.51 0.09 0.000
Maximum dose (Gy) 4.33 1.63 0.000

Both lungs
𝑉

5Gy 9.79 13.59 0.000
𝑉

10Gy 7.44 10.26 0.000
𝑉

20Gy 5.41 8.24 0.000
𝑉

30Gy 3.66 6.83 0.000
𝑉

40Gy 1.79 4.65 0.000
Mean dose (Gy) 3.15 4.25 0.000
Maximum dose (Gy) 49.98 49.12 0.069

Contralateral breast
Mean dose (Gy) 1.02 0.12 0.000
Maximum dose (Gy) 4.89 1.89 0.000

4.1. Technical Issues. In this study, we present a novel HT-
based method with similar or even better low-dose area for
risk organs. Before the planning process, we divided beamlets
delivered fromall angles around the patient into six categories
(see Figure 2).

(i) Category 1: beamlets that only pass through PTV.
Obviously, these beamlets were most efficient and
would cause minimum radiation to the organs at
risk, and thus these beamlets were preferred in the
planning process.

(ii) Category 2: beamlets that pass through PTV and then
through the non-OARs body. These beamlets were
less efficient than category 1 but would also cause
minimum radiation to the organs at risk.

(iii) Category 3: the opposite of category 2. Beamlets pass
through the non-OARs body and then PTV. These
beamlets were less efficient than category 2 but were
similar to category 2 in that they would not deliver
dose to the organs at risk.

Category 1
Category 2
Category 3

Category 4
Category 5
Category 6

Figure 2: Schematic figure of each category.

(iv) Category 4: beamlets that pass through PTV and
organs at risk and then PTV again. This category was
common in tangential FIF-IMRTplans andmay cause
high-dose areas within OARs.

(v) Category 5: beamlets that pass through PTV and then
OARs.These beamletsmay be themain cause of “low-
dose bath.”

(vi) Category 6: beamlets that pass through OARs and
then the PTV. This category is inefficient and should
be avoided.

Figure 3 shows the path of X-rays for every categories
described above. In the planning process, we tried to design
strategies which could raise the proportion of categories 1
and 2 beamlets, reduce the proportion of categories 3 and 4
beamlets, and minimize or even eliminate the category 5 and
6 beamlets.

Given that the breast is situated over the outer border
of the chest, if we place beam angles around the chest wall
like the peels of an apple, the lungs, contralateral breast,
and heart could be spared. The question was how to restrict
beams around the chest wall. To prevent dose delivery to
a structure, the structure can be designated as “completely
blocked” during the planning process. We tried different
types of blocks and found this method to be suitable: we draw
a tangential line at the posterior border of traditional 3D-
CRT beam and define the ipsilateral lung and heart below
this line as a new structure “block 1.” If we designate “block
1” as “completely blocked,” and designate contralateral lung
and contralateral breast as “directionally blocked,” radiation
would be delivered around chest wall as we intend, and these
organs or regions would receive less radiation. Obviously, this
technique could also be applied for tumors of the right breast.

4.2. PTV. Both techniques show adequate PTV coverage.
LDC-HT resulted in a lower mean PTV dose than FIF-
IMRT. LDC-HT is also associated with a significantly better
homogeneity index and conformity index. This supports
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previous studies that have shown increased homogeneitywith
HT [11]. However, it is difficult to estimate if these differences
would result in clinically detectable benefits such as better
cosmesis or a higher local control rate.

4.3. Lungs. Radiation-induced lung injury (RILI) variously
occurs after whole breast radiotherapy [12]. Most of those
cases are subclinical, but about 1–5% are clinically significant
radiation pneumonitis [13]. RILI is not only correlated with
mean lung dose and 𝑉

20
; the volume of the lung spared

from doses of >5Gy is an independent dosimetric factor
of RILI [14]. Previous studies demonstrated that HT may
reduce high-dose regions of ipsilateral lung, but increase the
low-dose area [15, 16]. The low-dose “bath” of lung is the
main concern of radiation oncologists considering the use of
TomoTherapy for whole breast radiation.

In this study, low-dose area constrained helical
TomoTherapy-based radiotherapy (LDC-HT) showed
dosimetry advantages over FIF-IMRT for ipsilateral lung and
heart in not only high-dose levels but also low-dose levels
such as 𝑉

10
and 𝑉

5
. For contralateral lung, both techniques

can provide good protection, although the mean dose of
LDC-HT is higher than FIF-IMRT (0.51 Gy versus 0.09Gy;
𝑃 = 0.000). So, we expect even lower RILI rates for LDC-HT.

4.4. Heart. A recent case-controll study conducted by Darby
et al. [17] has highlighted the importance of minimizing
incidental cardiac irradiation in patients with breast cancer,
as it is a known risk factor for the development of ischaemic
heart disease. Importantly, no dose threshold was observed:
the increased risk (relative to baseline risk) per Gy of
exposure was approximately constant throughout the range
of mean radiation doses to the heart studied (from as low as
approximately 2Gy to the maximum >27Gy).

In our study, almost all dose levels of heart (𝑉
5
56.97%,

𝑉

10
58.78%, 𝑉

20
70.70%, 𝑉

30
81.94%, 𝑉

40
91.46%, and 𝐷mean

44.63%) were significantly decreased with LDC-HT com-
pared with FIF-IMRT. So, we expect lower risk of ischaemic
heart disease after LDC-HT whole breast radiotherapy.

4.5. Contralateral Breast. LDC-HT increases both𝐷mean and
𝐷max of contralateral breast relative to tangential FIF-IMRT.
Although the doses to the contralateral breast are very low
with both techniques, the increase in maximal dose and
mean dose with LDC-HT might confer an increased risk
of secondary breast malignancy, especially in young women
[18–21].

Although previous studies demonstrated that improved
dosimetry may lead to less toxicity [22, 23], clinical benefits
of LDC-HT need further investigation. A randomized phase
I/II clinical trial is going on in our centre to evaluate the effect
and acute toxicity of LDC-HT over FIF-IMRT.

Finally, LDC-HT had longer treatment time than FIF-
IMRT. The use of a 5 cm field width instead of a 2.5 cm field
width for TomoTherapy would reduce treatment time with
30–50%, but that might cause worse dosimetry and wider
dose spread in the patient superior and inferior to the target.
The newly available dynamic jaws capability (TomoEDGE)
would eliminate the low superior and inferior doses and
should give comparable plans to the 2.5 cm plans [24].

5. Conclusions

LDC-HT could have better coverage and dose homogeneity
of target volume, better OAR sparing, and even better low-
dose areas than 3D-CRT and FIF-IMRT. It could be a feasible
method in whole breast radiotherapy. Clinical benefits of
LDC-HT need further investigation.
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Introduction. Brachytherapy plays a key role in the treatment of many gynecologic cancers. However, some patients are unable to
tolerate brachytherapy for medical or other reasons. For these patients, stereotactic body radiotherapy (SBRT) offers an alternative
form of treatment.Methods. Retrospective review of patients prospectively collected on SBRT database is conducted. A total of 11
gynecologic patients who could not have brachytherapy received SBRT for treatment of their malignancies. Five patients have been
candidates for interstitial brachytherapy, and six have required tandem and ovoid brachytherapy. Median SBRT dose was 25Gy in
five fractions. Results. At last followup, eight patients were alive, and three patients had died of progressive disease. One patient
had a local recurrence. Median followup for surviving patients was 420 days (median followup for all patients was 120 days). Two
patients had acute toxicity (G2 dysuria andG2GI), and one patient had late toxicity (G3GI, rectal bleeding requiring cauterization).
Conclusions. Our data show acceptable toxicity and outcome for gynecologic patients treated with SBRTwhowere unable to receive
a brachytherapy boost. This treatment modality should be further evaluated in a phase II study.

1. Introduction

Gynecologic malignancies, mostly consisting of endometrial
and cervical cancers, remain common cancers in the United
States. For locally advanced cervical cancer, the standard
treatment combines chemotherapy (CTX) along with con-
ventional external-beam radiation therapy (EBRT) and a
brachytherapy boost (BB) [1–5]. BB is also used in endome-
trial cancer, in early-stage disease as the sole treatment, and
in unresectable and recurrent disease in combination with
EBRT [6]. BB is a valuable treatment option because it allows
for a high dose to the tumor while sparing the nearby normal
structures. To treat to a tumoricidal dose using EBRT alone
would lead to significant dose to nearby normal structures
(mainly rectum, small bowel, and bladder), which would
entail a high likelihood of acute and late toxicity. BB is ideal
for treatment of gynecologic cancers because it allows the

radioactive source to be placed very close to the target which
receives full dose, but because of the inverse-square law (the
radiation dose decreases exponentially with distance; so as
distance goes from 𝑥 to 2𝑥, the radiation dose decreases from
𝑦 to 0.25𝑦), the nearby normal tissues receive a much lower
dose; thus, BB allows for maximal tumor dose and maximal
normal tissue sparing [5, 6].

While BB remains the standard treatment option for
many gynecologic cancers, there are some patients who are
not candidates for this treatment. Patients with comorbid
conditions may not be able to tolerate BB, especially an inter-
stitial implant. Also, for patients with unfavorable anatomy, it
may not be possible to place BB even with assistance from
gynecology oncologists. One possible alternative to BB is
stereotactic body radiotherapy (SBRT), which entails high
doses of external radiation delivered in a very conformal
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fashion. While SBRT is commonly used in medically unre-
sectable early-stage lung cancer and has a growing use in
other pathologies, there are very little data regarding the role
of SBRT used in place of BB.

Several retrospective clinical reports [7–12] and ret-
rospective dosimetric reports [13] have shown that SBRT
appears to be a reasonable treatment option for patients
unable to receive a BB. Haas et al. [7] reported on six cervical
cancer patients who had anatomic or medical conditions
that precluded BB using tandems and ovoids. The patients
received an SBRT boost to the cervix instead, using the doses
of 20Gy in five fractions (five patients) and 19.5Gy in three
fractions (one patient).With amedian followup of 14months,
there were no reported local failures and no toxicities from
the SBRT boost. Molla et al. [8] reported on 16 patients (nine
endometrial and seven cervical) who had an SBRT boost to
high-risk areas (14Gy in two fractions for operated patients
and 20Gy in five fractions for nonoperated ones). With a
median followup of 12.6 months, there was one patient with
a central pelvic recurrence and one patient with late grade-
3 rectal toxicity. A retrospective comparative analysis [12] of
BB and SBRT plans found that SBRT plans had better target
coverage and better dose distributions to normal structures
except for bone marrow.

In order to increase the knowledge pool regarding SBRT
as an alternate to BB in certain patients, we are reporting our
institution’s experience of this treatment modality.

2. Methods

Patients in this study were collected using an IRB-approved
prospective radiosurgery database. Clinical information not
contained in the database was retrospectively acquired. Eli-
gibility criteria for the review included gynecologic patients
who received SBRT but had been referred and had clinical
indications for BB. All patients were initially evaluated and
had been recommended to undergo a BB, and for medical
or other reasons, they were unable to complete the BB
and were thus treated with SBRT (Table 1). All patients
were evaluated by both gynecology-oncology and radiation
oncology; for patients that needed Smit’s Sleeve placement,
this was performed by the gynecology-oncologist. A total of
11 patients met the eligibility criteria for this review. Median
age was 62 years (range: 47–81 years). Seven patients had
cervical cancer, two patients had endometrial cancer, and
two patients had vaginal cancer. Histologywas squamous-cell
carcinoma in eight patients, adenocarcinoma in two patients,
and carcinosarcoma in one patient. Patients had locally
advanced (seven) or recurrent cancers (four patients) but
were not metastatic. All patients had conventional external-
beam radiation to the pelvis prior to SBRT, three in the form
of IMRT and eight in the form of 3D-CRT; dose range for
previous EBRT was 45 to 50.4Gy. Three patients had both
EBRT and BB prior to SBRT, two patients had completed
EBRT and BB and had local recurrence 1.4 and 1.1 years
later, and the other patient had two HDR treatments, but
the patient’s Smit’s Sleeve became misplaced after the second
treatment, and when it was not able to be replaced, the

patient went on to have SBRT for the remaining treatments.
Three patients had surgery (hysterectomy) in addition to
previous EBRT; indication for surgery in these patients was
for recurrent disease.

The initial consult note and progress notes were reviewed
for the treatment recommendations; in all patients, a BB was
recommended. The types of BB that were indicated included
tandem and ovoid BB in six patients and interstitial BB in five
patients. Reasons for not being able to treat with BB are listed
in Table 1.

Prior to SBRT, all patients had gold fiducial markers
implanted for SBRT tracking. It was recommended that four
gold-seed fiducial markers be placed, either into the cervix
or into the gross tumor if visualized. CT scan for treatment
planning was performed without contrast using 1.25mm
slices. Patients were instructed to have a low-residue meal
prior to simulation and were coached to have a consistent
fluid intake on the day of simulation and the daily treatments
to maintain a regular bladder filling rate throughout the
treatment. An MRI of the pelvis with contrast was obtained
and fused to the planning CT scan for better visualization
of the cervix and gross disease; MRI series included T2
weighting with contrast, with and without fat saturation.
Prior to SBRT, 7 patients had gross disease present visible on
MRI or physical exam.

SBRT target consisted of the gross tumor volume (GTV)
in patients with gross disease present prior to SBRT and
also a clinical target volume (CTV) for areas thought to be
at high risk for residual disease. GTV consisted of gross
disease noted on theMRI and physical exam.TheCTVwould
include any extracervical disease at the time of the MRI and
physical exam. CTV would also include the entire cervix
for patients with cervical cancer with an intact uterus. The
CTV was uniformly expanded by 5mm to create a planning
target volume (PTV) to account for a set-up error including
rotation. In patients with small intestine or other critical
structures adjacent to targets, the PTV was subtracted from
the organs at risk to decrease dose to the organs at risk. See
Table 2.

SBRT was delivered in five fractions using CyberKnife
(Accuray Incorporated, Sunnyvale, CA, USA) with multi-
plan planning system version 3.5.4. Numerous noncoplanar
beams using 6 MV photons were used for each treatment.
Target tracking was performed via the CyberKnife’s real-
time tracking algorithm; synchrony (respiratory motion soft-
ware) was not used. CyberKnife tracking, has the ability
to track movements (with aid of gold fiducials), and this
ability is critical since the cervix is prone to movement [14].
Treatments were delivered every other day, and we feel that
normal tissues such as small bowel would tolerate every-
other-day better than every-day treatments; every-other-day
treatments are also similar to what is used in BB using HDR.
Patients were instructed to use Simethicone (Himalaya Drug
Company, Bangalore, India) during every day of treatment
to reduce bowel distension. None of the patients received
chemotherapy concurrent with SBRT, although chemother-
apy was typically delivered with EBRT. Treatments were
delivered to an isodose line that was aimed for a compromise
of target coverage and sparing of the organs at risk.
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Table 1: Patient characteristics.

Patient # Diagnosis Stage Histology Recommended
implant Reason that implant could not be performed

1 Cervical Recurrent Scc Interstitial Size and location
2 Cervical Recurrent Carcinosarcoma Interstitial Bleeding

3 Endometrial Recurrent Adenocarcinoma Interstitial Difficulty with interstitial, short endocervix
makes tandem difficult

4 Vaginal T2 Scc Interstitial Proximity to bladder and bowel
5 Vaginal T2 Scc Interstitial Difficulty w visualization of tumor

6 Cervical IIIb Scc Tandem and
ovoid Comorbid conditions

7 Cervical IIIb Scc Tandem and
ovoid Unable to place Smits Sleeve

8 Cervical IIIb Scc Tandem and
ovoid Unable to place sleeve

9 Cervical IIIb Scc Tandem and
ovoid Smits Sleeve became misplaced

10 Cervical Recurrent Scc Tandem and
ovoid Unable to place sleeve

11 Endometrial T2N1 Adenocarcinoma Tandem and
ovoid Smits Sleeve perforation through uterus

Scc: squamous cell carcinoma.

Table 2: Target and OAR definitions.

Structure Definition

GTV Gross tumor as visualized on MRI (T2) and
physical exam

CTV Entire cervix for most patients, including
extracervical disease if present on pre-SBRT MRI

PTV CTV plus expansion of 5mm (using less of an
expansion if adjacent to organs at risk)

Rectum Entire rectum, superior limit will be rectosigmoid
junction

Bladder Entire bladder and contents
Small bowel Bowel loops up to 2 cm above target

Normal tissues were contoured including large bowel,
small bowel, femoral heads, sigmoid colon, rectum, bladder,
and skin. See Table 2 for more information regarding con-
touring specifics. Note that the entire organ was contoured
as opposed to just the organ wall. For patients that have had
previous pelvic radiation to 45 to 50.4Gy, the point dose limit
to the sigmoid colon, rectum, and small bowel was 21 Gy; and
the bladder dose limit was 24Gy. A small volumewas allowed
to exceed this dose if the normal structures abutted the tumor,
in which case 1-2 cc were allowed higher doses up to the target
dose.

After completion of treatment, patients were followed
by gynecology oncology as well as radiation oncology, and
patients were typically seen 4 weeks after completion of
treatment and then every 2months for the first year; followup
visit would include pelvic exam. Imaging (typically MRI)
was done at 3 months posttreatment. Toxicity was physician-
scored based onCTCAE4.0.Oncologic outcomes at followup

were based on combination of both the physical exam and the
followup imaging.

3. Results

3.1. Radiotherapy Treatment. Ten patients had five prescribed
fractions. One patient who had completed two fractions of
HDR BB and then had Smit’s Sleeve malposition received
three fractions of SBRT. SBRT boost was completed in
10 patients. One patient suffered a stroke after the first
fraction and had a subsequent decline in performance status,
necessitating the treatment to be discontinued. The stroke
was not felt to be related to SBRT. This patient’s dosimetric
information was not included in the analysis.

Median SBRT dose for patients completing the treatment
was 25Gy (range: 15–27.5Gy); the median dose per fraction
was 5.0Gy (range: 4.8–5.5 Gy). Treatments were prescribed to
themedian 61% isodose line (range: 51%–81%). Median treat-
ment volume was 9,163 cc (range: 1,665–35,740 cc). Median
PTV coverage was 88% (range: 71%–94%), and median GTV
coverage was 96.5% (range: 90%–97.6%). Median PTV con-
formality index was 1.5 (range: 1.1–2.9), where conformality
index is defined as treated volume divided by PTV.Maximum
rectal point dose ranged from 20.8 to 32.6Gy (median:
23.8Gy), median rectal dose to 1 cc was 19.6Gy (range: 18.2
to 27.5Gy), andmedian rectal dose to 2 cc was 19.3 Gy (range:
17.6–25.4Gy). Maximum bladder point dose ranged from
16.5–36Gy (median: 25.7Gy), median bladder dose to 1 cc
was 20.7Gy (range: 11.1–22.9Gy), and median bladder dose
to 2 cc was 19Gy (range: 5.6–16.9Gy); see Table 3.

A typical SBRT plan is seen in Figure 1. One patient
had SBRT after two HDR BB (Smit’s Sleeve shifted out of
position after the second BB). On comparing her BB and
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Table 3: Treatment characteristics.

Patient Previous RT
(EBRT and HDR)

CTV volume
(mm3)

SBRT
dose/Fx

SBRT dose equivalent
(2Gy/fx) alpha/beta 10

SBRT dose equivalent
(2Gy/fx)

alpha beta 3
1 45 + 30Gy HDR 254485.7 27.5/5 35.52083 46.75
2 45 9893.03 25/5 31.25 40
3 50.4 34818.04 25/5 31.25 40
4 45 19947.13 25/5 31.25 40
5 45 40721.84 22.5/5 27.1875 33.75
6 45 129132.1 5/1 6.25 8
7 45 174427.2 25/5 31.25 40
8 45 11549.91 24/5 29.6 37.44
9 45 + 12 HDR 16655.7 15/3 18.75 24
10 45+ 30 HDR 143710.1 25/5 31.25 40
11 45 45809.38 25/5 31.25 40

Figure 1: Sample SBRT plan. Typical SBRT plan, patient treated to
25Gy in five fractions. Bladder, CTV, and rectal contours are shown.
Isodose lines include prescription isodose line (75%), pink (50%),
and light blue (20%).

SBRT treatments, maximum normal-tissue point doses were
lower for the BB. For this patient, maximumdose per fraction
to bladder was 5.8Gy with SBRT versus 4.45Gy with BB; for
rectum, 5.6Gy with SBRT versus 5.0 with BB; and for small
bowel, 5.3 Gy with SBRT versus 2.8Gy with BB. Doses to 1
and 2 cc of bladder were 5.2 and 4.9Gy with SBRT and 5.3
and 4.7 with BB, respectively. Doses to 1 and 2 cc of rectum
were 4.9 and 4.5Gy with SBRT and 4.7 and 4.2Gy with BB,
respectively. Comparison between SBRT and HDR plans is
shown in Figure 2.

The biologically equivalent dose (BED) in terms of
equivalent doses given at 2Gy per day (EQ2) was calculated
using the linear quadratic (LQ) equation [15]. The 𝛼/𝛽 ratio
was taken to be 10Gy for tumor effects and 3Gy for late
effects. Median EQ2 for the tumor was 31.3 Gy (range: 18.75–
35.5 Gy) for the entire group, and median EQ2 for late effects
on normal tissues was 40Gy (range: 24–46.75Gy), Table 3.

3.2. Oncologic Outcome. At last followup, eight patients were
alive. Median followup for all patients was 120 days, and
median followup for surviving patients was 14 months. Of
the three patients who died, two had recurrent cervical

cancer and died of progressive disease; the other had locally
advanced cervical cancer and had a stroke during therapy and
subsequently went on to hospice care without completing the
entire course of treatment. Of the eight surviving patients,
one (patient no. 2) had a local recurrence 3.5 years after
completion of SBRT (recurrence took place in cervical stump
in the region of the previous SBRT). This patient was treated
with surgical exoneration and was disease-free after salvage
surgery. All of the other patients were disease-free (both local
and distant) at last followup.

3.3. Toxicity. During the SBRTboost, two patientswere noted
to have acute toxicity (grade-2GU and grade-2GI, resp.).
There was no grade-3 or greater toxicities during the SBRT
or within 90 days after SBRT. One patient (patient no. 8)
was noted to have late toxicity one year from the completion
of SBRT, in the form of mild GI bleeding, and underwent
cauterization of the rectal vessels, which resolved the bleeding
(GI grade-3 toxicity).The patient who hadGIGrade 3 toxicity
had a maximum point dose to rectum of 24Gy, 1 cc dose of
19.4, 2 cc dose of 18.6, and a mean rectal dose of 6.7 Gy, all of
which were around the median for all patients treated. There
were no other reported late toxicities.

4. Discussion

In the treatment of locally advanced and recurrent gyneco-
logic cancers, chemoradiotherapy and brachytherapy boost
(either ring and tandem or interstitial) remain the standard
of care. This results in good disease control and acceptable
toxicity. Gynecologic Oncology Group (GOG) Trial 120 [1]
reported 60% overall survival at 5 years, 22% local progres-
sion, and a late toxicity rate (grade 3 or 4) of 1.7% for patients
treated with chemoradiotherapy (including intracavity BB)
with a median followup of 35 months. With regard to
patients treated with interstitial BB, Pinn-Bingham et al. [16]
have reported on 116 patients with locally advanced cervical
cancer who were not candidates for intracavity BB. Following
treatment with external-beam radiation and interstitial BB,
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Figure 2: Comparison of SBRT (a) and BB (b). Comparison of target dose using BB and SBRT for the same patient.

they found 85.3% locoregional control and 13% late toxicity
rates.

For gynecologic patientss both intracavity and interstitial
BB have good outcomes and are important components
of the standard treatment for these patients [1–6, 16, 17].
However, some patients are unable to receive BB, because
of either unfavorable anatomy or comorbid conditions. For
these patients, treatment options become more limited.
Conventional EBRT has been tried in place of BB with
overall poor results. Barraclough et al. [18] have reported
on 44 patients treated with external-beam boost instead of
BB (“technical limitations” was listed as the reason for not
providing BB in 73% of patients) and found a 48% recurrence
rate with amedian followup of 2.3 years.While this treatment
is likely better than no boost at all, the importance of a high
recurrence rate of the disease is secondary to dose limitations
of normal pelvic tissue with conventional EBRT.

Another possible option for patients who are not BB
candidates is SBRT. SBRT has advantages over conventional
radiotherapy in being able to deliver higher doses while
minimizing normal tissue radiation exposure.This allows the
tumor to receive a higher biologically equivalent dose than
with conventional radiation. Our results for SBRT showed
good local control and a medically acceptable toxicity.
Among the surviving patients (nine patients), only one had
a local recurrence. Two patients with recurrent disease had
persistent disease after SBRT, and they continued to have
disease progression despite SBRT, and they subsequently died
from the disease. Our toxicity results were also determined
as tolerable with only one grade-3 toxicity (grade-3GI)
reported.

The data on this topic are limited to a few retrospective
series, and our results mirror the available literature on
SBRT in place of BB. Haas et al. [7] have reported on six
cervical cancer patients treated with SBRT boost (median
of 20Gy in five fractions) after CRT. Their series did not
find any local recurrences and did not report any toxicity
with a median followup of 14 months. Molla et al. [8] have
reported on 16 patients (nine endometrial and seven cervical
cancers, while 15 patients had a hysterectomy) treated with

SBRT (14Gy in two fractions for postoperative and 20Gy
in five fractions for nonoperated patients) instead of BB.
This report found one patient with late rectal bleeding (GI
grade-3 toxicity) and 1 recurrence with a median followup
of 12.6 months. Guckenberger et al. [12] have reported on
19 patients with recurrent cervical or endometrial cancer,
who had pelvic sidewall involvement or large tumors not
amenable to BB. SBRT consisted of 15Gy in three fractions,
with a median followup of 22 months. Three-year overall
survival was 34%, and local control was 81%; two patients
had grade-4 intestinovaginal fistulae, and one had a grade-4
small bowel ileus. Kemmerer et al. [10] reported on 11 patients
with stage unresectable I-III endometrial cancer treated with
SBRT boost of 30Gy in 5 fractions; they found no late toxicity
and 55% local-regional control. Higginson et al. [11] reported
on a heterogeneous group of 5 with a range of SBRT doses,
one of whom had late grade-3 rectal bleeding after receiving
20Gy in 5 fractions.

All of the data to date are retrospective and heterogeneous
but some trends do emerge. First of all, there appears to be
good local control with this treatmentmodality. Secondly, the
major late toxicity seen in our series and that of several others
[8, 11] have been late GI toxicity, while the data thus far do not
allow a precise calculation of dose tolerance for the rectum; it
is important that this toxicity be discussed with patients and
that there be attempts to constrain dose to the rectum.

At this point, it is not standard of practice to replace
BB with SBRT in patients who are BB candidates. However,
we have shown that, when BB is not an option, SBRT can
be a safe and effective treatment modality. Further work in
this area can be used to better define SBRT dose and to
prospectively collect toxicity and outcome information on
this patient subset. Our current treatment protocol is to treat
to 25Gy in five fractions using dose constraints as described
previously.

5. Conclusions

Brachytherapy implants remain the standard of care as a
method to deliver radiation boost for gynecological cancers.
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However, for patients unable to have a brachytherapy proce-
dure, we found acceptable toxicity and outcome with SBRT.
This treatment modality should be further evaluated in a
phase II study, with dose and fractionation of 25Gy in 5
fractions, and close adherence to organ at risk limits.
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An anthropomorphic phantom was used to investigate a treatment technique and analyze the dose distributions for helical
irradiation of the total skin (HITS) by helical tomotherapy (HT). Hypothetical bolus of thicknesses of 0, 10, and 15mm was added
around the phantom body to account for the dose homogeneity and setup uncertainty. A central core structure was assigned as
a “complete block” to force the dose tangential delivery. HITS technique with prescribed dose (D

𝑝
) of 36Gy in 36 fractions was

generated. The radiochromic EBT2 films were used for the dose measurements. The target region with 95.0% of the D
𝑝
received

by more than 95% of the PTV was obtained. The calculated mean doses for the organs at risk (OARs) were 4.69, 3.10, 3.20, and
2.94Gy for the lung, heart, liver, and kidneys, respectively. The measurement doses on a phantom surface for a plan with 10mm
hypothetical bolus and bolus thicknesses of 0, 1, 2, and 3mm are 89.5%, 111.4%, 116.9%, and 117.7% of D

𝑝
, respectively. HITS can

provide an accurate and uniform treatment dose in the skin with limited doses to OARs and is safe to replace a total skin electron
beam regimen.

1. Introduction

Radiation therapy achieves an effective treatment for cuta-
neous T-cell lymphoma affecting the superficial region [1].
This treatment delivers an adequate and uniform dose to the
whole body superficial area. Historically, mycosis fungoides
(MF) is treated mainly with total skin electron beam therapy
(TSEBT).One of themostwidely usedTSEBT techniqueswas
six dual fields [2]. Dosimetrically, TSEBT at energies of about
3–7MeV at the surface of a standing patient may result in
significant dose variations due to variable skin distance, self-
shielding, irradiated fields overlapping, and patient motion
[3, 4]. Special areas of the body, such as the perineum and
eyelid [3] or inframammary fold [4], showed large deviations
(up to 40%) from the prescription dose [3, 4]. Although
the in vivo measurement of different treatment areas can

realize the dose distribution in a certain region, a complicated
distribution of underdosed areas can scarcely be treated with
a homogeneous dose using supplemental patch fields.

Helical tomotherapy (HT) has advantages in irradiating
extended volumes with treatment length of up to 160 cm,
continuously in a helical pattern without the need for field
junction [5]. Previous publications demonstrated it is feasible
for total marrow irradiation (TMI) techniques by HT to
replace total body irradiation [6] or practicing for multiple
myloma patients [7]. Additionally, HT for total scalp irra-
diation has shown that the employment of directional and
complete blocking on the inner structures can effectively
force the tangential delivery of the beamlets to the planning
target volume (PTV), which can limit the treatment depth
successfully [8].
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Figure 1: (a) Sheets of tissue equivalent material with thicknesses of 1, 2, and 3mm were placed on the phantom surface as a bolus. (b) The
EBT2 films were placed on the phantom surface and inserted between the bolus and phantom surface for dose measurements.

Here, an anthropomorphic phantom is used to investigate
the helical irradiation of the total skin (HITS) technique by
HT planning system and compares with the conventional
TSEBT administrated using a conventional linear accelerator.
The dosimetry analysis, the uncertainty of dose calculation,
the surface, and superficial doses are evaluated.

2. Materials and Methods

2.1. Treatment Plan. A treatment planning CT was taken
of an anthropomorphic body phantom (ATOM 701; CIRS,
Norfolk, Va), placed in the supine position and immobilized
using a Vac-Lok bag (CIVCO Medical Instruments, CO,
Inc., Kalona, IA). Sheets of tissue equivalent material at
thicknesses of 1, 2, and 3mm were placed on the phantom
surface as a bolus for dosimetry analysis (Figures 1(a) and
1(b)).The image set was transferred to the treatment planning
system (Pinnacle3 Version7.6C) using a hypothetical target
volume including 5mm depth all around the body surface
contoured as the clinical target volume (CTV). The inner
side of CTV plus 1.5 cm and the outer side of CTV added
0.5 cm, these areas were defined as PTV. From the shoulder
to wrist and legs above ankles that areas under the skin with
0.5 cm were defined as the CTVextremity. Hands and feet were
contouredwithout bone sparing as CTVhand and CTVfeet.The
PTVextremities were defined as the volume with two dimen-
sional expansion of 1.0 cm from the CTVextremity, CTVhand,
and CTVfeet. A hypothetical constraint structure (HCS),
0.3 cm margin away from the inner side of PTV with 1.0–
1.5 cm 2 dimensional expansion, was contoured for the dose
constraint. The organs and tissues that adjacent to the inner
side of HCSwere contoured together as central core complete
block (CCCB) and used to restrict the photon beams to be
obliquely incidence for increasing the superficial dose and
reducing the internal organ dose. (Figure 2) Lung, heart, liver,
kidney, spleen, intestine, ovary, stomach, and spinal cordwere
contoured as organs at risk (OARs). Additional margins of
0, 10, and 15mm were extended from the phantom surface
individually for a different plan contoured as a hypothetical
bolus to account for the dose homogeneity increase at the
superficial region and setup uncertainty. The CT images and

PTV

away from inner side of PTV)
Central core complete
block (CCCB) HSC (1.0–1.5 cm with 0.3 cm

Figure 2: The phantom axial image displays the hypothetical target
structure, the constraint object, and the central core structure.

structures were then transferred to the Tomotherapy Hi-ART
planning system (v. 3.2.2.35. TomoTherapy Inc., Madison,
WI). A plan with prescription dose (𝐷

𝑝
) of 36Gy in 36

fractions to 95% of the PTV and the maximum dose less
than 120%of the𝐷

𝑝
was generated.Themaximum irradiation

length and width for HT were 160 and 85 cm, respectively.
The slice thickness, pitch, and modulation factor parameters
were assigned 2.5 cm, 0.287 cm, and 3.5, respectively. The
dose constraints to the OARs and the HCS were adjusted
accordingly during optimization to achieve a plan with
a rapid dose distribution falloff. For all measurements a
predelivery megavoltage CT (MVCT) scan was taken for
position alignment.

2.2. Dose Measurement. Radiochromic EBT2 film with high
spatial resolution and thin configuration (thickness of
0.234mm and effective measurement depth of 0.153mm in a
layer) has been proven a viable tool for external beamdosime-
try in the superficial region [9, 10]. All of the radiochromic
EBT2 films used in this study were from the same lot number
(International Specialty Products, Inc. Wayne, NJ). Each
film sheet of 25 × 20 cm was cut into smaller pieces (size
of 5 × 5 cm) for calibration and measurement. An Epson
Perfection V700 flatbed scanner (Epson Seiko Corporation,
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Figure 3: (a) PTW 31010 semiflex ionization chamber (PTW-Freiburg, Germany) as a standard without angular dependence. PTW chamber
has been irradiated in spherical phantom to determine the ionization along the central axis to various gantry angles. (b) Angular dependence,
measurements using EBT2 film and PTW semiflexible chamber.

Epson Seiko Corporation, Nagano, Japan) was used to scan
all of the films at least 24 hours after film exposure. Films
were scanned at a central scanner location and with the
same orientation. The settings used were 48 bit color and
150 dpi (0.017 cm per pixel). The red channel data with 16
bit digital information were extracted and processed using
the public domain software ImageJ Version 1.43 (National
Institute ofHealth, Bethesda,MD, http://rsb.info.nih.gov/ij/).
Calibrationwas performed by irradiating the each calibration
film individually in a plastic water phantom perpendicularly
to a 6MV beam at dose levels from 0 to 300 cGy. The
calibration curve was fitted using a polynomial function with
the pixel value (PV) for each measurement film converted to
dose accordingly.

To evaluate the buildup range of the doses on the
surface and superficial regions for HITS, measurements were
performed with EBT2 films placed on the phantom surface
at different areas with boluses of different thicknesses of 0,
1, 2, and 3mm added onto the films for dosimetry analysis.
For clinical HITS application purposes increasing the surface
dose and decreasing the unwanted air gaps under the dose
buildup material, a custom-made neoprene diving suit was
considered as the dose buildup material with the effective
thickness relative to water evaluated. To account for the
diving suit bolus effect, a piece of diving suit 3mm thick
was irradiated to a 6MV beam to evaluate the effective
thickness relative to water. To verify the calculated doses on
critical organs, measurements were performed with EBT2
films inserted into the phantom at the critical organ locations.

2.3. Verification of Angular Dependence with EBT2 Film.
We used spherical polystyrene phantom and PTW 31010
semiflex ionization chamber (PTW-Freiburg, Germany) as a
standard without angular dependence. Reference condition
was performed in 100 cm source axial distance (SAD), with
field size 5 × 5 cm2 and using 6MV photon beam 200MU
delivery. PTW chamber has been irradiated in a spherical

phantom to determine the ionization along the central
axis to various gantry angles. (Figure 3(a)) The ionization
readings of each angle were normalized by the measurement
value of normal incidence exposure. Each angle variation
results will be recorded and analyzed. EBT2 film sheets have
been irradiation in spherical phantom at the same position.
Reference conditionwas performed in SAD 100 cm,with field
size 5× 5 cm2 and using 6MVphoton beam 250MUdelivery.
AnEpsonperfectionV750PROflat bed scanner (Epson Seiko
Corporation, Epson Seiko Corporation, Nagano, Japan) was
used to scan all the films at least 24 hours after film exposure.
The optical density measurement position of EBT2 film
was extremely small and identical to chamber exposure
position. The variation of PTW ionization chamber results
was compared with the EBT2.

3. Results

3.1. Angle Effect and Uncertainty in Detail. The angular
dependence of EBT2 film was small and applicable to clinical
surface dose measurement. In the current study, the total
uncertainty was less than 2.5% (Figure 3(b)).

3.2. Treatment Plan. A homogenous dose in the target region
was obtained. Ninety-five percent of the 𝐷

𝑝
was received by

more than 95% of the PTV and the maximum dose was less
than 116% of the 𝐷

𝑝
. (Figure 4) The calculation mean doses

for the critical organs were 4.69, 3.10, 3.20, and 2.94Gy for the
lungs, heart, liver, and kidneys, respectively. The HITS plan
statistics with 10mm hypothetical bolus are shown in Table 1.
The calculated dose distributions are shown in Figure 5(a).
The dose delivery duration was within 45 minutes.

3.3. Dose Measurement. The dose differences between mea-
surements and calculations for OARs were less than 0.8Gy.
In addition, the mean doses for OARs were between 2.9 and
9.1 Gy (Table 1).Thedose of the vertexwas 108.0%±1.2%.Due
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Figure 4: Dose volume histogram of helical irradiation of the
total skin (HITS) with prescribed dose of 36Gy in 36 fractions for
treatment in a study phantom.

Table 1: The helical irradiation of the total skin (HITS) technique
statistics with 10mm hypothetical bolus for total skin and organs at
risk (OARs).

𝐷max (Gy) 𝑉95% (%) 𝐷mean-𝐶 (Gy) 𝐷mean-𝑀 (Gy)
PTV 41.88 96.0 38.83 —
Heart 28.67 — 3.10 3.25
Lung 40.96 — 4.69 3.93
Liver 25.16 — 3.20 —
Kidney 4.38 — 2.94 3.16
Spleen 6.03 — 3.11 —
Intestine 25.80 — 3.40 —
Rectum 14.83 — 9.06 —
𝐷max (Gy): maximum dose.
𝑉95% (%): target volume in % encompassed by 95% of the𝐷𝑝.
𝐷mean-𝐶 (Gy): TPS calculation mean dose.
𝐷mean-𝑀 (Gy): measurement mean dose.

to the lack of arms and thighs for RANDO phantom, the skin
dose of arms and thighs could not bemeasured fromRANDO
phantom. Therefore, the CT images of whole body of one
patient who received total marrow irradiation were used to
replan with HITS technique to show the workable of dose
delivery to extremities (Figure 5(b)). For the TMI and HITS
plans, the hand and feet were all irradiated without sparing;
therefore the results of surface dose checked by EBT2 film
could be similar. And the hands and plantar skin dose mea-
sured by EBT2 film of the TMI plan were 117.2% ± 2.8% and
108.6% ± 4.8%, respectively. The measurement doses on the
phantom surface for plans with different hypothetical bolus
thicknesses and the actual bolus were shown in Table 2. A
higher superficial dose was obtained as a thicker hypothetical
bolus was used.The effective thickness relative to water of the
diving suit is 0.87mm.

4. Discussion

Most TSEBT procedures are time consuming. Since patients
requiring TSEBT are often elderly and weak, a long treatment
time for a patient in a standing position is difficult to hold at

Table 2:Measurement doses (% of𝐷
𝑝
) of the surface and superficial

regions for the helical irradiation of the total skin (HITS) technique
with different hypothetic bolus thicknesses.

Hypothetic bolus thickness
Depth (mm) 0mm 10mm 15mm
Surface 73.2 89.5 86.4
1.0 91.4 111.4 118.5
2.0 101.7 116.6 118.9
3.0 101.9 117.7 120.9

a correct position and to ensure their safety. HITS sets patient
in the supine position and immobilizes the patient with a
vacuum bag, which is more stable and comfortable for a long
duration treatment. Additionally, the requirement of room
size for TSEBT is about 4 meters, which may restrict using
the TSEBT technique. HITS do not need a large treatment
room and can be performed without room size restriction.

HITS employ a CCCB to force the majority of the beam-
lets to be delivered to the PTV tangentially. This limits the
depth of the dose distribution and also makes the treatment
more vulnerable to setup and respiratory motion errors.
Using CCCB technique in HITS study, the mean doses for
OARs, such as the lungs, heart, liver, intestine, and kidneys,
were 4.7, 3.1, 3.2, 3.6, and 2.9Gy, respectively (Table 1).
Historically, whole heart doses up to 30Gy were reasonably
well tolerated [11]. In addition, limiting mean lung dose to
≤20–23Gy can limit the risk of radiation pneumonitis to
≤20% in definitively treated patients with nonsmall-cell lung
cancer [12]. Furthermore, Dawson et al. [13] reported when
the mean liver dose less than 31Gy (biologic effective dose =
30Gy10 in 2Gy/fraction) that was no cases of subsequent
radiation-induced liver disease. Emami et al. [14] and Robert
Cassady [15] suggested a total dose associated with a 5% and
50% risk of kidney injury at 5 years of 18–23Gy and 28Gy,
in 0.5–1.25Gy/fraction, respectively. With doses on the order
of 50Gy, late small-bowel obstruction or perforation rates of
2% to 9% had been observed after partial organ irradiation
[16], concordant with the Emami et al. TD5/5 estimate [14].
According to the previous reports, HITS technique could
provide safety for total skin irradiation.

Hypothetical bolus is a method to overcome setup and
respiratory motion errors but the dosimetric condition is
different between the planned and delivered beams. An
increment in the effective hypothetical bolus thickness in a
steeply inclined incidence while optimization will make the
dose distributions with a significant increment in the shallow
region while treatment. This increment increases with the
thickness of the hypothetical bolus (Table 2). Based on this
study, the measurement doses on a phantom surface for a
plan with 10mm hypothetical bolus and bolus thicknesses
of 0, 1, 2, and 3mm are 89.5%, 111.4%, 116.9%, and 117.7% of
𝐷

𝑝
, respectively. Tenmm of hypothetical bolus thickness will

increase 10% of 𝐷
𝑝
to the superficial regions. Tomotherapy

system delivers dose with 6MV; the attenuation factor of
this energy is about 4.5%/cm (0.45%/mm). Dosimetrically,
attached boluses with thicknesses of 1, 2, and 3mm on
phantom surface will mainly affect the doses on surface.
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Figure 5: (a) Dose distributions at chest (A), abdomen (B), and pelvic (C) areas for helical irradiation of the total skin (HITS) treatment in
a study phantom. (b) Due to our RANDO phantom without the thighs and arms, the CT images of whole body of one patient who received
total marrow irradiation were used to replan with HITS technique to show the workable of dose delivery to extremities.

The differences of dosimetric effects caused by the boluses
from the beamentrances away from themeasurement regions
will be less than 1.0%. In addition, the size of the bolus is
about 1.5 cm larger than the measurement film in each side,
and the film reading is accounted on the central area (about 3
× 3 cm). So, the scatter radiation can be accounted mostly in
themeasurement condition stated in this study.Therefore, the
dose differences caused by the boluses in different thicknesses
are sufficient to account for. Additionally, an appropriate
hypothetical bolus thickness should be chosen according
to the variations in surface positions of interfraction or
intrafraction motion.

Gafchromic EBT2 film has high spatial resolution (thick-
ness of 0.234mm and effective measurement depth of
0.153mm in a layer) [17], low energy dependency [18], and
near tissue equivalent density (𝑍eff = 6.84 for EBT2, 𝑍eff =
7.42 for tissue) [19].Theweak energy dependence of the EBT2
makes it most suitable for clinical use compared with other
films [19]. The total uncertainty in the surface dosimetry
using EBT2 film reported by Nakano et al., Hartmann et al.
[20], and Richley et al. [21] are approximately 3.3%, 3.7%, and
5.5%, respectively. In the current study, the total uncertainty
less than 2.5% competes with previous studies with better
results (Figure 3(b)).
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Consensus guidelines for delivery of TSEBT have been
published by the European Organization for Research and
Treatment of Cancer (EORTC) [22]. The EORTC recom-
mends a total dose of 31 to 36Gy prescribed to the skin
surface to produce a dose of at least 26Gy at a depth of
4mm in the truncal skin along the central axis [22]. In
our calculation, a surface dose is inadequate for HITS. To
overcome this problem, a custom-made neoprene diving
suit of 3mm thickness that fits the patient’s body curvature
well is considered as the dose buildup material to increase
the surface dose and to decrease the unwanted air gaps.
The effective thickness relative to water of the diving suit is
0.87mm, which is enough for dose buildup for HITS with
10mm hypothetical bolus to achieve more than 110% of 𝐷

𝑝

on the skin surface (Table 2).
HITS using 6MV photon beams generates a plan with

higher internal organ dose than the TSEBT technique. A
mean dose of about 3.5 Gy (9.7 cGy/fx) is received by the
OARs under HITS with 36Gy in 36 fractions. The internal
TSEBT dose is contributed mainly by the contaminated X-
ray, typically ranging l%–4% (1–4 cGy/fx) of the maximum
electron dose received at the surface [23]. Recent reports
are interesting in revisiting the effectiveness of lower dose
TSEBT in themanagement ofMF [1, 24]. Based onHarrison’s
report [1], the overall response rates associated with low-dose
TSEBT in the 10 to <20Gy and 20 to <30Gy ranges are com-
parable to those of the standard dose (≥30Gy). The internal
organ doses from HITS might be tolerable for a 36Gy regi-
men and are safer for revisiting a low-dose TSEBT regimen.

The drawback of HITS is the longer beam on time and
probably the higher inner doses. Increased field width to
5.0 cm may shorten the duration significantly but the PTV
coverage may reduce slightly or the maximum dose to PTV
may increase by 10%–15%.

5. Conclusion

To the best of our knowledge, this is the first phantom study
to prove the possibility to replace TSEBT by HT with HITS
technique. HITS technique provides an accurate and uniform
treatment dose to the skin area in this phantom study. The
internal organ doses were effectively spared using a tangential
beamlets deliverymethod.Adiving suit of 3mm thickness for
clinical purpose is needed to increase the surface dose and to
decrease the unwanted air gaps.
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This study computationally determines the contribution of clinicopathologic factors correlated with 5-year survival in oral squa-
mous cell carcinoma (OSCC) patients primarily treated by surgical operation (OP) followed by other treatments. From 2004
to 2010, the program enrolled 493 OSCC patients at the Kaohsiung Medical Hospital University. The clinicopathologic records
were retrospectively reviewed and compared for survival analysis. The Apriori algorithm was applied to mine the association
rules between these factors and improved survival. Univariate analysis of demographic data showed that grade/differentiation,
clinical tumor size, pathology tumor size, and OP grouping were associated with survival longer than 36 months. Using the Apriori
algorithm,multivariate correlation analysis identified the factors that coexistently provide good survival rates with higher lift values,
such as grade/differentiation = 2, clinical stage group = early, primary site = tongue, and group =OP.Without the OP, the lift values
are lower. In conclusion, this hospital-based analysis suggests that early OP and other treatments starting from OP are the key to
improving the survival of OSCC patients, especially for early stage tongue cancer with moderate differentiation, having a better
survival (>36 months) with varied OP approaches.

1. Introduction

In Taiwan, betel nut chewing, cigarette smoking, and alcohol
consumption have been found to be highly associated with
oral cancer [1], with habitual betel nut chewers showing a
particular high prevalence [2–4]. Oral cancer is one of the
10 most prevalent cancers in Taiwan, mostly classified as oral
squamous cell carcinoma (OSCC) [5], which has high rates
of morbidity and mortality [6] because diagnosis often only
takes place in the later stages [7]. Although many tumor
markers [8–10] and single nucleotide polymorphism (SNP)

markers [11] have been reported as being associated with oral
cancer, outcome-based studies focusing on oral cancer ther-
apy are lacking.

The survival of OSCC patients following surgical therapy
has been reported to be affected by tumor size, nodal metas-
tasis, staging, and differentiation [12]. Some researchers have
been further concerned with factors involved in outcomes for
postoperative radiotherapy for OSCC patients [13]. However,
the correlation between themultiple survival affecting factors
for predicting the well survival of OSCC therapy is less
addressed and remains a challenge.



2 BioMed Research International

01: 𝐿
1
= {𝑙
1
, . . . , 𝑙

𝑛
| ∀ 𝑙 ∈ large itemsets} //see Section 2.2.1

02: set k = 2
03: while (𝐿

𝑘−1
̸=Ø)

04: 𝐶

𝑘
= apriori-gen (𝐿

𝑘−1
) = {𝑐
1
, . . . , 𝑐

𝑝
| 𝑐 ∈ candidate 𝑘-itemsets}

// see Section 2.2.2
05: if (𝐶

𝑘
= Ø)

06: return
07: end if
08: for (all t ∈D)
09: 𝐶

𝑡
= subset (𝐶

𝑘
, t) // see Section 2.2.3

10: for (all 𝑐 ∈ 𝐶
𝑡
)

11: c.count++
12: end for
13: end for
14: 𝐿

𝑘
= {𝑐 ∈ 𝐶

𝑘
| 𝑐.𝑐𝑜𝑢𝑛𝑡 ≥minsup}

15: k++
16: end while

Algorithm 1: Pseudocode of the Apriori algorithm.

Recently, several computationalmethodologies have been
introduced to analyze the relationship between multiple fac-
tors and therapies for several non-OSCC diseases, including
machine learning algorithms [14], data mining [15], decision
tree-based learning [16], and rule-based multiscale simula-
tions [17].

The Apriori algorithm is used here to explore the corre-
lation between clinical factors and good survival outcomes
(i.e.,>36months) in operation- (surgery-) centric treatments,
including operation alone, operation/IA, and operation/IA,
CT, IV, and RT, where IA, IV, CT, and RT, respectively stand
for intra-arterial, intravenous, oral chemotherapies, and radi-
otherapy. The study aims to computationally evaluate the
correlation between clinicopathological factors and survival
outcomes in 493 OSCC patients treated by operation alone or
by operation followed with other nonsurgical treatments.

2. Materials and Methods

2.1. Data Source. The database used to construct our cases
and control groups was obtained from the chart registry of
cancer center of the Kaohsiung Medical University Hospital
from 2004 to 2010. Patients were excluded if they had distant
metastases at presentation, did not complete the therapeutic
protocol in Kaohsiung Medical University Hospital, or had
incomplete records. A total of 493 patients fulfilled the
requirements and were included for further analyses (the raw
data set is available at http://bioinfo.kmu.edu.tw/OP high-
OP low groups.xlsx). The patients were followed at Kaoh-
siung Medical University Hospital. The last followup was
recorded from the last outpatient visit or the date of death.
This use of patient data and the study design were reviewed
and approved by the Institutional Review Board of Kaoh-
siung Medical University Hospital (KMUH-IRB-EXEMPT-
20130029).

2.2. Introduction of the Apriori Algorithm. The problem for
association rule learning can be stated as follows. Let 𝐼 =

{𝑖

1
, 𝑖

2
, . . . , 𝑖

𝑚
} be a set of literals, called items. Let transaction

𝑇 be a set of items, where𝑇 ⊆ 𝐼. Let𝐷 be a set of transactions.
The objective of the association rule is an implication of the
form 𝐴 ⇒ 𝐵, where 𝐴 ⊂ 𝐼 and 𝐵 ⊂ 𝐼, if 𝐴 ∩ 𝐵 = Ø. The rule
𝐴 ⇒ 𝐵holds in the transaction set𝐷with confidence 𝑐 if 𝑐%of
transactions in𝐷 that contain𝐴 also contain𝐵.The rule𝐴 ⇒

𝐵 has support 𝑠 in the transaction set 𝐷 if 𝑠% of transactions
in𝐷 contain𝐴∪𝐵. Item sets with theminimum support 𝑠 are
called large itemsets, and the others small itemsets.

The Apriori algorithm was proposed by Agrawal and
Srikant in 1994 [18] and has been widely used for frequent
itemset mining and association rule learning in databases.
TheApriori algorithm aims to generate the desired rules from
large itemsets. The general idea is that if items 𝐴𝐵𝐶𝐷 are
large itemsets, then any rule in𝐴𝐵𝐶𝐷will have theminimum
required support because 𝐴𝐵𝐶𝐷 is large; that is, 𝐴𝐵 ⇒ 𝐶𝐷.

The Apriori algorithm can be divided into three steps.
Algorithm 1 shows the pseudocode of the Apriori algorithm.
The algorithm’s first pass counts item occurrences to screen
the large itemsets (Section 2.2.1). The second pass generates
the candidate itemsets 𝐶

𝑘
from large itemsets 𝐿

𝑘−1
, using the

apriori-gen function (Section 2.2.2). Next, each transaction 𝑡
checks whether the subsets of 𝑘-itemsets of 𝑡 belong to 𝐶

𝑘
,

called subset function and described in Section 2.2.3. Finally,
each 𝑐 counts item occurrences in 𝐶

𝑡
, and 𝑐 will be stored

in 𝐿
𝑘
if c.count minimum support. The algorithm terminates

when 𝐿
𝑘
is empty; that is, no frequent set of 𝑘 ormore items is

present in𝐷.

2.2.1. Screening the Large 1-Itemsets. Algorithm 2 shows the
pseudo code of first pass which simply counts item occur-
rences 𝐼 = {𝑖

1
, 𝑖

2
, . . . , 𝑖

𝑚
} to determine the large itemsets in all

items. The array of item counts is used to count item occur-
rences, and elements in Item-counts having minimum sup-
port are included in the 𝐿

1
set.
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01: for (all i | 1 ≤ i ≤ m)
02: set Item-counts [𝑖]= 0
03: end for
04: for (all t ∈D)
05: for (all i ∈ t)
06: Item-counts [𝑖]++
07: end for
08: end for
09: 𝐿
1
= {𝑙
𝑖
| Item-counts [𝑖] ≥minsup}

Algorithm 2: The first pass of the Apriori algorithm.

2.2.2. Candidate Set Generations. The function apriori-gen
(𝐿

𝑘−1
) generates 𝐶

𝑘
from 𝐿

𝑘−1
, and it returns a superset of

the set of all large 𝑘-itemsets. Algorithm 3 shows the pseudo
code of the function apriori-gen (𝐿

𝑘−1
). We use a set 𝑐, 𝑐 =

{𝐿

𝑘−1
.𝑖𝑡𝑒𝑚[𝑖]}, for all 𝑖 ∈ {1, . . . , 𝑘 − 1}, to store the fre-

quent (𝑘 − 1)-itemsets in 𝐿
𝑘−1

. The selections of the pairs are
called 𝐿

𝑘−1
.𝑖𝑡𝑒𝑚

𝑝
, 𝐿
𝑘−1

.𝑖𝑡𝑒𝑚

𝑞
∈ 𝐿

𝑘−1
. For each 𝐿

𝑘−1
.𝑖𝑡𝑒𝑚

𝑝
in

𝐿

𝑘−1
, we start the search tuples in the 𝐿

𝑘−1
.𝑖𝑡𝑒𝑚

𝑝
and stop the

search if we find 𝐿
𝑘−1

.𝑖𝑡𝑒𝑚

𝑞
such that 1 to 𝑘 − 2 items are not

equal to the 1 to 𝑘 − 2 items of 𝐿
𝑘−1

.𝑖𝑡𝑒𝑚

𝑝
. Only if we find an

𝐿

𝑘−1
.𝑖𝑡𝑒𝑚

𝑞
that satisfies 𝐿

𝑘−1
.𝑖𝑡𝑒𝑚

𝑝
[𝑖] = 𝐿

𝑘−1
.𝑖𝑡𝑒𝑚

𝑞
[𝑖], for

all 𝑖 ∈ {1, . . . , 𝑘 − 2}, the 𝑐 does create the 𝑘-itemset =
{𝐿

𝑘−1
.𝑖𝑡𝑒𝑚

𝑝
[𝑖], . . . , 𝐿

𝑘−1
.𝑖𝑡𝑒𝑚

𝑝
[𝑘 − 2], 𝐿

𝑘−1
.𝑖𝑡𝑒𝑚

𝑝
[𝑘 − 1],

𝐿

𝑘−1
.𝑖𝑡𝑒𝑚

𝑞
[𝑘 − 1]}. Finally, 𝑐 checks whether the subsets of 𝑐

are included in 𝐿
𝑘−1

.

2.2.3. Candidate Set Counts Using Hash Tree. After the can-
didate sets 𝐶

𝑘
are generated, the 𝐶

𝑘
are stored in a hash tree

created by the function subset (𝐶
𝑘
, 𝑡). The leaf of the hash

tree comprises the pointers to𝐶
𝑘
and the associated counters,

and the leaf refers to distinct partitions of𝐶
𝑘
. In the hash tree,

the hash function can be used to insert the candidate itemsets
and search the transaction subsets in𝐶

𝑘
.The hash function is

hash(𝑖) = 𝑖 mod 𝑇,𝑇 < 𝑚, where𝑇 is a constant, and𝑚 is the
number of items. Function subset (𝐶

𝑘
, 𝑡) is a recursive func-

tion which traverses the tree starting from the root node to
the leaves, with each item in 𝑡 = {𝑖

1
, . . . , 𝑖

𝑑
} chosen as a

possible starting item of a candidate itemset. It is applied at
every level of the tree.When 𝑡 reaches a leaf of the tree, all can-
didate itemsets are checked against 𝑡 and their counters are
updated.

2.3. Statistics Analysis. Statistical analysis was performed
with JMP version 9. All statistical tests were done at a 0.05
significance level.

3. Results and Discussion

3.1. Demographic Data and Survival

3.1.1. Age and Survival. As shown in Table 1, all patients were
categorized into 2 groups based on whether the survival is
greater or less than 36 months. In this regard, no difference
in varied age groups can be found. This is probably because

01: Function apriori-gen (𝐿
𝑘−1

)
02: set 𝐶

𝑘
← Ø

03: for (all 𝐿
𝑘−1

.𝑖𝑡𝑒𝑚
𝑝
, 𝐿
𝑘−1

.𝑖𝑡𝑒𝑚
𝑞
| 𝐿

𝑘−1
.𝑖𝑡𝑒𝑚
𝑝
[i] =

𝐿

𝑘−1
.𝑖𝑡𝑒𝑚
𝑞
[i], ∀i ∈ {1, . . . , 𝑘 − 2})

04: c ={𝐿
𝑘−1

.𝑖𝑡𝑒𝑚
𝑝
[1], . . . , 𝐿

𝑘−1
.𝑖𝑡𝑒𝑚
𝑝
[k−2], 𝐿

𝑘−1
.𝑖𝑡𝑒𝑚
𝑝

[k−1], 𝐿
𝑘−1

.𝑖𝑡𝑒𝑚
𝑞
[k−1]}

05: if (∀𝐿
𝑘−1

.item⊂ c)
06: 𝐶

𝑘
← 𝐶

𝑘
∪c

07: end if
08: end for
09: end Function

Algorithm 3: Pseudocode of the function apriori-gen().

anyone who was eligible for surgical resection would have
comparable survival rates.

3.1.2. Subsites and Survival. As shown in Table 1, the site dis-
tribution of the 493 cases of oral cancer patients showed com-
mon affected sites including the cheek mucosa, gum, tongue,
and retromolar trigon. Postsurgical organ function and cos-
metics may vary with surgical site, but no difference to sur-
vival could be found.

3.1.3. Laterality and Survival. As shown in Table 1, laterality
is recorded in the database of cancer registries and is a mixed
expression of clinical/pathological tumor size and location. It
does not play a significant role in the surgical group.

3.1.4. Grade and Survival. As shown in Table 1, comparison
of the pathological characteristics between >5-year (𝑛 = 271)
and <5-year survival (𝑛 = 222) revealed better treatment
outcomes for low grade tumors (𝑃 = 0.0006), suggesting
thatwell-differentiated tumors are less aggressive and thus are
associated with better overall survival.

3.1.5. Regional Lymph Nodes and Survival. As shown in
Table 1, regional lymph node examination might express the
details and quality of surgical resection.However, the number
of examined lymph nodes was not found to have an effect
on survival. This might be due to cross-interaction between
clinical lymph node stages and overall survival.

3.1.6. Clinical Stages, Pathology Stages, Clinical/Pathology
Tumor Sizes, and Survival. As shown in Table 1, neither clin-
ical nor pathological stages were found to have an impact on
5-year survival. There might be some influencing factors
between low- and high-tumor stages which cannot be sim-
ply explained by surgery. However, for clinical/pathological
tumor size alone, significant differences between >5-year and
<5-year groups are found (𝑃 = 0.0004 and 𝑃 = 0.0141, resp.).
Smaller tumor size means less tumor burden and has less
surrounding tissue infiltration, which may explain improved
overall outcomes.
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Table 1: Demographic data of 493 enrolled patients with OSCC.

Characteristics Survived months P value∗1 5-year survival (%) P value∗2
Total >36 group <36 group

Age 0.7786 0.5556
<30 7 3 4 71.4
30∼50 228 125 103 77.2
50∼70 236 129 107 79.2
>70 22 14 8 63.6

Primary Site 0.7915 0.1957
Lip 36 24 12 86.1
Cheek mucosa 184 103 81 83.2
Gum 42 25 17 71.4
Tongue 175 88 87 72.0
Mouth floor 19 11 8 68.4
Palate 5 3 2 60.0
Retromolar 27 15 12 77.8
Vestibule 2 1 1 100.0
Nonspecific 3 1 2 100.0

Laterality∗3 0.3965 0.8612
00 37 22 15 73.0
01 230 123 107 79.1
02 223 123 100 76.7
03 3 3 0 66.7
04 0 0 0 NA

Grade/differentiation 0.1476 0.0006
01 287 156 131 80.1
02 123 60 63 65.0
03 7 5 2 57.1
04 1 1 0 100.0
09 75 49 26 89.3

Regional lymph nodes examined 0.1550 0.1424
<5 285 160 125 80.4
>10 134 65 69 73.1
5∼10 73 45 28 74.0

Clinical stage group 0.0749 0.5689
Stage 0 4 0 4 75.0
Stage 1 141 79 62 80.1
Stage 2 73 47 26 71.2
Stage 3 131 69 62 77.1
Stage 4 82 50 32 72.0

Pathologic stage group 0.2540 0.0514
Stage 0 2 2 0 100.0
Stage 1 215 112 103 82.3
Stage 2 92 52 40 75.0
Stage 3 31 15 16 74.2
Stage 4 58 24 34 67.2

Clinical tumor size 0.3967 0.0004
<2 cm 162 100 62 87.0
2∼4 cm 244 134 110 71.3
>4 cm 33 19 14 66.7



BioMed Research International 5

Table 1: Continued.

Characteristics Survived months P value∗1 5-year survival (%) P value∗2
Total >36 group <36 group

Pathology tumor size 0.4417 0.0141
<2 cm 197 114 83 81.7
2∼4 cm 183 94 89 69.4
>4 cm 25 14 11 72.0

OP group∗4 <0.0001 <0.0001
01 385 238 147 81.6
02 27 14 13 66.7
03 81 19 62 61.7

∗1
𝑃 value for the comparison of the survival between >36 and <36 months groups.
∗2
𝑃 value for 5-year survival among the items of the same characteristics group.
∗30: unknown primary site or the shape of the organ is not paired; 1: the primary site is originated from the right side; 2: the primary site is originated from the
left side; 3: only one side is invaded but it is not clear which side (R’t or L’t) it is originated from; 4: both sides are invaded but the origin of the primary site is
not clear and the chart record describes only one primary site.
∗4OP group for 01: OP only; 02: OP→ IA; 03: OP→CT, OP→CT + IV, OP→CT→RT, OP→ IA→RT, OP→ IV,OP→ IV→RT, OP→RT, OP→RT +
CT,OP→RT + IV, OP→RT→CT, OP→RT→ IA, OP→RT→ IV. Symbols: OP: operation; IA: intraarterial chemotherapy; CT: oral chemotherapy; IV:
intravenous chemotherapy; RT: radiotherapy; → : then.

3.1.7. Surgical Modalities and Survival. As shown in Table 1,
treatment modalities (OP) were further differentiated into 3
groups based on different adjuvant therapies, that is, surgery
alone, surgery plus intra-arterial chemotherapy, and surgery
plus concomitant chemoradiotherapy. Significant differences
between groups were found (𝑃 < 0.0001), and further anal-
ysis of surgical modalities based on the clinical/pathological
stages could produce interesting insights.

This hospital-based study followed nearly 500 patients
with oral squamous cell carcinoma after surgical treatment.
Results showed that age of onset and laterality of tumor
location did not influence the treatment outcome. The latter
might be attributed to oral cancer being a less multifocal or
multicentric disease than, for example, breast cancer and,
hence, laterality of the primary tumor has less influence on
survival. These findings are in line with previous findings
[19, 20].

Advanced tumor stage or failure of locoregional control
negatively influences survival in patients with OSCC [21].
However, we did not observe a significant influence from
either clinical or pathological tumor stages. Similar to our
findings, Pandey et al. reported no difference in survival rates
for the extent of tumor [22], and the observed difference
might be due to the facts that all stages of tumor have been
poured in the analysis.

In the present study, multimodality treatment proved to
be a prognostic factor. Benefit from systemic or adjuvant local
therapies might correlate with disease biology as the grade
of tumor differentiation was also an important influencing
factor.

3.2. Data Mining Results Using Apriori Algorithm. Table 2
shows the best rules for OP > 36 months. The head 𝑌 and
body 𝑋 represent a class association rule 𝑋 ⇒ 𝑌 which

means the head 𝑌 of an association rule 𝑋 ⇒ 𝑌 (with rule
body 𝑋) must be restricted to one attribute-value pair.
The attribute of the attribute-value pair is thus the class
attribute. The resulting rules can be evaluated according to
three metrics: confidence, lift, and leverage. The minimum
value of 1.5 for lift (or improvement) is computed as the
confidence of the rule divided by the support of the right-
hand-side (RHS). The lift represents the ratio of probability.
Given a rule 𝑋 ⇒ 𝑌, 𝑋 and 𝑌 occur together to the multiple
of the two individual probabilities for𝑋 and 𝑌; that is,

lift =

Pr (𝑋, 𝑌)
Pr (𝐿) ⋅ Pr (𝑌)

. (1)

If lift is 1,𝑋 and𝑌 are independent.Thehigher lift is above
1, the more likely that the existence of 𝑋 and 𝑌 together in a
transaction is due to a relationship between them and not just
random occurrence. Unlike lift, leverage measures the differ-
ence between the probability of co-occurrence of𝑋 and 𝑌 as
the independent probabilities of each of𝑋 and 𝑌; that is,

leverage = Pr (𝑋, 𝑌) − Pr (𝑋) ⋅ Pr (𝑌) . (2)

Leverage measures the proportion of additional cases
covered by both 𝑋 and 𝑌 above those expected if 𝑋 and 𝑌
were independent of each other. Thus, for leverage, values
above 0 are desirable whereas values greater than 1 are desir-
able for lift. Finally, conviction is similar to lift, but itmeasures
the effect of the right-hand side not being true and also
inverts the ratio. Conviction is measured as

conviction = Pr (𝑋) ⋅ Pr (not𝑌)
Pr (𝑋, 𝑌)

. (3)

Table 2 shows that the rule “grade/differentiation = 2
and clinical stage group = early” is associated with the rule
“primary site = tongue and group = OP.” The rule shows 49
patients as being grade/differentiation = 2 and clinical stage
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Table 2: Ranking of the top 10 best rules found in survival larger than 36 months.

Body∗1 No. Head∗1 No. Confidence Lift∗2 Leverage Conviction
Grade/differentiation = 2
Clinical stage group = early 49 Primary site = tongue

Group = OP 27 0.55 1.91 0.05 1.52

Primary site = tongue
Group = OP 78 Grade/differentiation = 2

Clinical stage group = early 27 0.35 1.91 0.05 1.23

Primary site = tongue
Clinical stage group = early 70 Grade/differentiation = 2

Group = OP 27 0.39 1.9 0.05 1.27

Grade/differentiation = 2
Group = OP 55 Primary site = tongue

Clinical stage group = early 27 0.49 1.9 0.05 1.41

Grade/differentiation = 2 60
Primary site = tongue

Clinical stage group = early
Group = OP

27 0.45 1.88 0.05 1.34

Primary site = tongue
Clinical stage group = early
Group = OP

65 Grade/differentiation = 2 27 0.42 1.88 0.05 1.3

Primary site = tongue 88
Grade/differentiation = 2
Clinical stage group = early

Group = OP
27 0.31 1.81 0.04 1.18

Grade/differentiation = 2
Clinical stage group = early
Group = OP

46 Primary Site = tongue 27 0.59 1.81 0.04 1.55

Grade/differentiation = 2 60 Primary site = tongue
Clinical stage group = early 27 0.45 1.74 0.04 1.31

Primary site = tongue
Clinical stage group = early 70 Grade/differentiation = 2 27 0.39 1.74 0.04 1.24

∗1Stages 0 to 3 of clinical stage group and pathologic stage group as shown in Table 1 are regarded as early and stage 4 is regarded as late stage in Table 2.
∗2The best rules with lift >1.5 were shown here.

group = early, while 27 of these 49 patients fulfill the rules
“primary site = tongue and group = OP.” The confidence
shows the proportion of the rule “primary site = tongue and
group =OP” in the rule “grade/differentiation = 2 and clinical
stage group = early,” that is, 27/49.The lift is 1.91, meaning the
existence of rule “grade/differentiation = 2 and clinical stage
group = early” and rule “primary site = tongue and group =
OP” together in a transaction is not just a randomoccurrence.
The leverage value of 0.05 means that the proportion of addi-
tional cases covered by both rule “grade/differentiation = 2
and clinical stage group = early” and rule “primary site =
tongue and group = OP” are greater than those that would be
expected if these two rules were independent of each other.
The conviction value of 1.52 indicates the effect of the right-
hand side is not being true.

From the top down in Table 2, the lift values gradually
decrease but still show a high correlation between the
body/head and survival of >36 months. When the Apriori
algorithm-based lift value of the items listed in “body” and
“head” of Table 2 is high, there is less chance of misinterpre-
tation of the relationships between each item. Judging by the
top 8 results, the same items such as grade/differentiation = 2,
clinical stage group = early, primary site = tongue, and
group = OP flowed between the “body” and “head”. These
data suggest that early stage tongue cancer with moderate
differentiation will have a better survival (>36 months) with
varied surgical approaches where the OP has three kinds of
treatments.

Judging by the top 9 to 10 results, however, only three
items are included without the group = OP and their lift val-
ues are decreased to 1.74. These results suggest that the factor
of “group =OP” is not important to the top 9 to 10 results and
is less strongly correlated compared with the top 8 results.
It also implies that the OP plays an important role in creat-
ing a correlation with improved survival (>36 months). In
clinical settings, thismight be due to good treatment outcome
which often accompanies surgery.

Accordingly, our proposed Apriori algorithm is a rel-
atively simple form of rule-based computation to identify
potential rules involving various factors, such as grade/dif-
ferentiation = 2, clinical stage group = early, primary site =
tongue, and group = OP. The algorithm can reveal the com-
bination effect of these factors on the outcome of OSCC
therapy.

4. Conclusion

This hospital-based analysis reviewed 493 patients with
OSCC to mine survival factors in operation-centric patients.
The results identify the importance of grade/differentiation =
2, clinical stage group = early, primary site = tongue, and
group = OP in predicting higher survival for OSCC patients.
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Purpose. This study describes how to identify the coincidence of desired planning isodose curves with film experimental results
by using a mathematical fractal dimension characteristic method to avoid the errors caused by visual inspection in the intensity
modulation radiation therapy (IMRT). Methods and Materials. The isodose curves of the films delivered by linear accelerator
according to Plato treatment planning system were acquired using Osiris software to aim directly at a single interested dose curve
for fractal characteristic analysis. The results were compared with the corresponding planning desired isodose curves for fractal
dimension analysis in order to determine the acceptable confidence level between the planning and the measurement. Results.The
filmmeasured isodose curves and computer planning curves were deemed identical in dose distribution if their fractal dimensions
are within some criteria which suggested that the fractal dimension is a unique fingerprint of a curve in checking the planning
and film measurement results. The dose measured results of the film were presumed to be the same if their fractal dimension was
within 1%. Conclusions.This quantitative rather than qualitative comparison done by fractal dimension numerical analysis helps to
decrease the quality assurance errors in IMRT dosimetry verification.

1. Introduction

Cancer has been treated by using radiation for more than a
century, and, today, more than half of all cancer treatments
utilize radiation therapy. Intensity modulated radiation ther-
apy (IMRT) [1–6] is a remarkably advanced radiation therapy
technique for the treatment of various kinds of cancers. The
computer then optimizes the best treatment to maximize the
radiation dose delivered to the tumor while minimizing the
radiation dose delivered to the surrounding normal tissues
[7–9]. However, not only the planning of treatment but also
the dose delivery technique is more complicated than for
three dimensional conformal therapy [10]. In other words,
the importance of quality assurance (QA) [11] procedure
in Intensity Modulation Radiation Therapy (IMRT) should

be enhanced compared to that of conventional conformal
radiation treatment.

The QA process usually includes verification of intensity
map to radiation field coincidence by film [12]. Irrespective of
themethod chosen for quality assurance, dosimetric verifica-
tion criteria for IMRT treatment plans are based upon either
the analysis of a limited number of points in low-dose gra-
dient areas or the measurement of distances between isodose
lines in high-dose gradient areas. Radiation oncologists and
medical physicists usually compare the desired dose and film
measurement results by placing these transparency films side
by side to visualize their discrepancy or by superimposing
these films of isodose curves onto planning results to check
the difference. Whatever method is used, visual inspection
leads to in accordance with person to person philosophical
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errors.The integrity of complexity of the IMRT dose delivery
technique relies on quantification of the coincidence of the
planned and delivered intensity-modulated radiation therapy
dose distributions.

The aim of this study was to ascertain how to identify
the coincidence of the planned and desired isodose curves
and experimental film results, without visual inspection but
using a mathematical method to estimate the error between
the planned and measured values.

2. Materials and Methods

The treatment planning system Plato was used to implement
IMRT for cancer treatment and the Elekta precise linear
accelerator “step and shoot” technique was used to deliver
the planned desired dose.The output was first checked before
IMRT QA; this was normally performed for a standard set.
Relative dosimetry was given to all subsequent measure-
ments, which were compared to the dose at the absolute
calibration point. It was not practical to check the patient dose
by imitating the patient contour and anatomy case by case.
Therefore, before the treatment plan was accomplished, the
planning parameters were acquired from a cubic solid water
phantom, from which images were acquired in advance of
implementing a test planning. This was done by setting the
irradiation beam onto the cubic phantom surface vertically
according to the patient planning parameters portal by portal
to simplify the dose distribution checking procedure.

The dose distributions adopted in the pseudocubic phan-
tom were delivered by using a linear accelerator, and the
irradiation fields were measured with a therapy verifica-
tion film (Kodak, X-Omat V, Eastman Kodak Company,
Rochester, NY, USA) using a standard procedure. The film
was placed in a solid water phantom (PTW,white polystyrene
“RW3,” PTWFREIBURG, Freiburg,Germany) anddeveloped
by means of an automatic procedure. No specific calibration
was made; however, the film was exposed to a dose value
to guarantee that it was in the dose-density linear region
of the H-D curve [13]. All films were read with an opti-
cal scanner (Vidar, VXR-12, VIDAR Systems Corporation,
Herndon, VA, USA) to create the relative isodose curves.
These isodose curves were acquired using Osiris (Geneva
University Hospital, version 3.5) to aim directly at a single
interested dose curve for fractal [14] characteristic analysis,
described in detail later. All dose curves were composed of
the segments, and each segment was composed of beamlets.
The combination of beamlets penumbra and superimposition
of tiny open fields during dose delivery led to each isodose
curve having its own exclusive fractal characteristics. One of
the interesting curves was selected to measure the length or
area encompassed by the curve. The fundamental idea is to
assume that the two quantities—the length of the curve and
the scale—do not vary arbitrarily but instead are related by a
law which allows us to compute one quantity from the other.

2.1. Self-Similarity Dimension. According to Figure 1, the
Koch curve can be divided into four self-similar parts, which
are similar to the entire curve via a similarity transformation

which is reduced by a reduction factor of 3, with the
relationship 𝐴 = 1/𝑆Ds (where 𝐴 represents the number of
bar pieces, Ds denotes the self-similarity dimension, and 𝑆
is the scale of reduction factor). Similarly, for the interested
line, there is a nice power law relationship between the length
of bar pieces 𝑢 and the reduction factor 𝑆. This law is 𝑢 =
1/𝑆

𝑑, where 𝑑 is the slope in the log/log diagram. Here, we
can introduce the relationship between the power law of the
length measurement using different compass settings and the
self-similarity dimension of a fractal curve, and use this self-
similarity dimension as the identification of a curve. The
relationship is simple, namely, Ds = 1 + 𝑑, where 𝑑 denotes
the slope in the log / log diagram of the length of bar pieces
𝑢 versus precision 1/𝑆; that is, 𝑢 = 𝑐/𝑆𝑑, and we simplify by
choosing appropriate units of lengthmeasurements such that
the factor 𝑐 in the power law becomes unity, and 𝑢 = 1/𝑆𝑑.

Taking into consideration logarithms, we obtain

log 𝑢 = 𝑑 ⋅ log 1
𝑆

, (a)

where, again, 𝑢 is the length of bar pieces with respect to
compass settings. On the other hand, we have the power
law 𝐴 = 1/𝑆Ds, where 𝐴 denotes the number of bar pieces
in a replacement step of the self-similar fractal with scale
reduction factor 𝑆. In the logarithmic form, this is

log𝐴 = Ds ⋅ log 1
𝑆

. (b)

Note that the connection between 𝑢 (the length of bar) and
𝐴 stands for the number of pieces, when measuring at some
other scales, where the whole object is composed of a small
copies each of size 𝑆, and then we measure a total length of𝐴
times 𝑆, and 𝑢 = 𝐴 ⋅ 𝑆. Taking logarithms into consideration
again,

log 𝑢 = log𝐴 + log 𝑆. (1)

In this equation, we can substitute the logarithms log 𝑢 and
log𝐴 from (a) and (b) above.

This yields

𝑑 ⋅ log 1
𝑆

= Ds ⋅ log 1
𝑆

+ log 𝑆. (2)

Since

log 1
𝑆

= − log 𝑆, (3)

we get

−𝑑 ⋅ log 𝑆 = −Ds ⋅ log 𝑆 + log 𝑆. (4)

Dividing by log 𝑆 and sorting terms, we finally arrive at

Ds = 1 + 𝑑. (5)
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Figure 1: This figure illustrates the understanding and meaning of the power law behavior in a pure mathematical situation in Koch Island.
Each Koch curve can be divided into four self-similar parts, which are similar to the entire curve via a similarity transformation which in
turn is similar to the entire curve of Figure 3.
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Figure 3: This figure shows how the dose curve is adopted for fractal analysis. The original resolution (left on the figure) is
486 pixels× 711 pixels with 8 bits/pixel.The scale is then reduced by 1/2, 1/4, and 1/8 (from right up to right bottom) to give 243× 356, 122× 178,
and 61× 89 pixels to measure the length of the same isodose curve adopted in the film. The planning dose curve Ds is then compared to that
of planning result. The curve of low resolution (lower right) is coarse and big while high resolution (upper right) shows slim curves.

2.2. Reduction Factor of Geometry Structure. According to
Figure 2 and the relationship between the reduction factor
(scaling factor) and the number of scaled down pieces into
which the structure is divided, apparently, for the line, square,
and cube, there is a nice power law relationship between the
numbers of pieces and the reduction factors. This is the law
relationship between the number of pieces and the reduction
factors. This law is

𝐴 =

1

𝑆

𝐷
, (6)

where 𝐷 = 1 for the line, 𝐷 = 2 for the square, and 𝐷 = 3
for the cube. Here we see that the reduction factor is 1/3
which is, of course, arbitrary. We could alternatively have
chosen 1/2, 1/7, or 1/365. However, precisely in this fact lies
the difference between these figures and the isodose curves
in which we are interested (fractal structures). The reduction
factors are characteristic for any fractal structures, so that the
self-similarity dimension is a unique choice to represent an
isodose curve.

2.3. Film Manipulation after Dose Delivery. In Figure 3, film
images are acquired using Osiris from FIPS Laser densit-
ometer at a resolution of 486 × 711 pixels with 8 bits/pixel.

Consider a region of interest (e.g., an isodose curve in which
we are interested), then measure the length of this curve,
and reduce to the original scales of 1/2, 1/4, 1/8, which are
243 × 356, 122 × 178, and 61 × 89 pixels, respectively. It is
obviously the low resolution (lower right) which reveals
coarse and big curves while slim curves are shown for high
resolution (upper right).

2.4. Length versus (1/Scale) Logarithms. In Figure 4, take
the logarithm of the length of each region of interest and
logarithm (1/scale), and then plot the log(length) against
log(1/scale), where the slope is in the form 𝑦 = 𝑎𝑥 + 𝑏.
According to Figure 4, the slope of the fitted line is 0.9841
and, in accordance, Ds = 1 + 𝑑; that is, the self-similarity
dimension is equal to 1 + 0.9841.

2.5. Plan Isodose Curves Manipulation. The plan isodose
curves are also acquired using Osiris for deriving their self-
similarity dimension. The original format is 486× 711 pixels
with 8 bits/pixel; the scale is then reduced by 1/2, 1/4 and 1/8,
which gives 243× 356, 122× 178 and 61× 89 pixels to measure
the length of the same isodose curve adopted in the film.
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Figure 4: The law seems to be relevant of scale verse tarea on left hand side in this figure, which is a power law of the form 𝑦 ∝ 𝑥𝑑 (where 𝑦
denotes the length, 𝑥 denote the scale, and d is the dimension). Take the logarithm of the length of each region of interest and logarithm
(1/scale), and then plot log(length) against log(1/scale); then the slope is in the form 𝑦 = 𝑎𝑥 + 𝑏. The slope can represent the unique
characteristics of the curve.

The planning dose curves, Ds, are then compared to those of
the film result.

3. Results

Validation studies carried out in this manner have con-
sistently shown point doses delivered at isocenter using
Elekta medical linear accelerator to be within a maximum of
3.5% of those predicted by Plato treatment planning system
in high-dose, low-gradient regions, with 99% of points in
high-gradient, high-dose regions falling within 3.6mm of
predicted positions.

Phantom plans and film images were registered and
normalized at the cross isocenter for further fractal study.
The percentage of the pixels in high-dose low-gradient areas
of the dose distribution for all analyzed phantom plans was
within the 3.5% tolerance level. The percentage of the pixels
throughout the entire area of the dose distribution for all
analyzed phantom plans was within the 10% tolerance level.

Figure 3 shows an interesting phenomenon: dose curves
are coarse and big for low resolution while slim curves are
found for high resolution. When checking the length or
area encompassed by the interested curve, the length or area
appears as a geometric progression, followed by an increasing
scale rather than an arithmetic progression.

The 85% region of the interested planning isodose curve’s
Ds is 1.9852, and the 85% region of the interested film isodose
curve’s Ds is 1.9841.The discrepancy is only 5×10−4[(1.9852−
1.9841)/1.9852] (as in Figure 5). The planning 85% isodose
curve and film 85% isodose curve are supposed to be identical
if the differences between their Ds values are within 1%.

4. Discussion

A fractal dimension is a ratio providing a statistical index of
complexity comparing how the detail in a pattern (strictly
speaking, a fractal pattern) changes with the scale at which
it is measured. Consequently, it is necessary to develop
sophisticated tools to compare measured and calculated dose
distributions in order to verify the accuracy of the results of
the planned dose distribution. Different methods have been
developed to evaluate the accordance between measured and
calculated doses, such as the point-to-point dose difference
or the evaluation of the distance between two closed points
having the same dose value. The verification method pro-
posed by Low seems to be more complete since it takes into
account both the dose difference (DD) and the distance to
agreement (DTA), allowing the definition of a “score” of an
interested dose distribution. The gamma value test at each
point of interest gives real-time information useful for the
decisionmaking of the treatment plan.All thesemethods play
different roles in dose verification, and this study describes
how to identify the coincidence of desired planning isodose
curveswith filmexperimental results by using amathematical
fractal dimension characteristic method to avoid the errors
caused by visual inspection.

4.1. Mosaic Amalgamation. When the coincidence of film
and fluence map created by IMRT plan is compared, the
position of light field borders is normally evaluated by visual
observation [15]. It is trivial that this method is subjective,
and each operator may introduce an error in locating each
border. Strictly, the light field border should coincide with the
50% decrement line of the maximum central lightening, and
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Figure 5: When these two dose distributions are normalized at
their cross hair isocenter, the 88% region of the interested planning
isodose curve’s Ds is 1.9852, and the 88% region of the interested film
isodose curve’sDs is 1.9841.Thediscrepancy is only 5×10−4[(1.9852−
1.9841)/1.9852]. The planning 88% isodose curve and film 88%
isodose curve are supposed to be identical if the difference between
their Ds values is within 1%.

this limit should be measured with the help of an appropriate
device [16]. Because the human eye is not able to detect the
50% light field contour exactly, in this work, a photosensitive
diode was employed to test the actual size of the light
field selected on a linear accelerator. This ratiocination leads
us to compare the plan and film results with unavoidable
errors by a traditional method based on human observation.
In order to avoid the human visualization inaccuracy with
numerical manner, when the gray level films are converted to
relative isodose curves, the interested isodose curve’s length is
measured usingmosaic amalgamation.Theprofile (interested
isodose curve) to be evaluated is overlaid by a rectangular
grid, as shown in Figures 6(a) and 6(b). The square elements
of the grid that sit on the boundary can be regarded as square
tiles thrown onto the perimeter of the profile.

4.2. Geometric Progression. Planning dose curves were
acquired using the Osiris software for further comparison
with the film result described previously. First of all, planning
dose curves were normalized to their cross hair isocenter, and
thematrix was set to the same as the film.The interesting dose
curve of 88%was then adopted for fractal dimension analysis
as in Figure 5. The fractal dimension of planning 88% was

1.9852, and the discrepancy was only 5× 10−4 when compared
to that of film.

4.3. Criterion of Acceptability. According to Figure 7, the
selected curve of 85% is interesting to study. Now the problem
arises, when the fractal dimension of planning and films
isodose curves are compared, in determining what fractal
dimension variation is still acceptable in order to say that
the two can be regarded as the same. In order to decide at
what range of variation of fractal dimension is still acceptable,
we need to check the fractal dimension variation magnitude
by varying the dose curves from descending downwards and
increasing upwards. If the limitation for the variation in the
dose curve was set to be 2%, say 83% and 87%, then the
fractal dimension of 85% varied from 1.9841 to 1.9911 and
1.9626 of 83% and 87%, respectively. The variation of fractal
dimension is within 1% and the outcomes from the isodose
curves descending downwards as well as increasing upwards
look acceptable. The results imply that the two curves are
identical only if their fractal dimension is within 1%. The
fractal dimension provides an easier way to identify the two
curves.

4.4. Automated Calculation of Fractal Dimension. Work is
still ongoing to develop automated calculation of fractal
dimension by tracing around the perimeter with an appro-
priate autosegmentation technique [17]. The coordinates of
many points on the perimeter are transferred to the memory
to generate data for the evaluation of the fractal structure of
the boundary, so that a series of polygons, using a series of
paced-out distances along the profile, are constructed.

5. Conclusions

Individual IMRT fields generated by the treatment planning
system can be verified by film dosimetry in a cubic phantom
at a depth of 5 cm. Usually, personnel is used tomake side-by-
side comparisons of calculated versus measured dose distri-
butions. The calculated and measured dose distributions are
compared either superimposed or side by side or by viewing
the differences between the two. However, comparing shapes
of isodose distributions as measured by film dosimetry and
predicted by treatment planning can be more accurately
done by numerical analysis as compared to visual inspection.
This quantitative rather than qualitative comparison will help
decrease errors in dosimetry verification.

Isodose curves measured by film and predicted by com-
puter planning curves are identical if their fractal dimensions
are the same. Therefore, fractal dimension is a unique
fingerprint of each isodose curve.
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The purpose of this study is to develop a total body irradiation technique that does not require additional devices or sophisticated
processes to overcome the space limitation of a small treatment room. The technique aims to deliver a uniform dose to the entire
body while keeping the lung dose within the tolerance level. The technique treats the patient lying on the floor anteriorly and
posteriorly. For each AP/PA treatment, two complementary fields with dynamic field edges are matched over an overlapped region
defined by the marks on the body surface. A compensator, a spoiler, and lung shielding blocks were used during the treatment.
Moreover, electron beams were used to further boost the chest wall around the lungs. The technique was validated in a RANDO
phantom using GAFCHROMIC films. Dose ratios at different body sites along the midline ranged from 0.945 to 1.076. The dose
variation in the AP direction ranged from 96.0% to 104.6%. The dose distribution in the overlapped region ranged from 98.5% to
102.8%. Lateral dose profiles at abdomen and head revealed 109.8% and 111.7% high doses, respectively, at the body edges.The results
confirmed that the technique is capable of delivering a uniform dose distribution to the midline of the body in a small treatment
room while keeping the lung dose within the tolerance level.

1. Introduction

Total body irradiation (TBI) is a type of external beam radio-
therapy. It has been used in conjunction with chemotherapy
to prepare patients for bone marrow transplantation (BMT)
[1, 2]. A uniform dose distribution throughout the entire
body during TBI is necessary to suppress immunological
rejection in the recipient and to eliminate residual malignant
cells.Therefore, dose impact from irregular body contour and
internal tissue heterogeneity must be considered to minimize
dose variation within the body [1, 3].

Parallel-opposed anterior/posterior (AP/PA) and bilat-
eral (LAT) fields are commonly used in the conventional TBI
treatment [4, 5]. For the AP/PA treatment, the patient stands
in front of the wall opposite to the treatment head and is
irradiated with a large treatment field. Major advantages of
the AP/PA treatment are less thickness variation of the body

in the superior-inferior direction and reduced radiation dose
to the lungs. However, patients might find standing during
treatment uncomfortable. Beams delivered bilaterally with
patient sitting on the bed are more comfortable, but large
thickness variation of the body requires custom designed
compensators for individual patient. Shielding the lungs in
the LAT position is also a challenge. It is not sufficient to
reduce the lung dose by arms only [6]. Additional shieldings
are required. However, boosting dose to the tissues surround-
ing the lungs is technically difficult. From dosimetric per-
spective, a treatment planning system commissioned under
standard treatment condition cannot be used directly for
irradiation at an extended treatment distance. Extra scatter
from the floor and the wall should be considered [7–9].

Various techniques have been developed for performing
TBI that deliver a uniform dose distribution. Chui et al. pro-
posed an arc treatment with a gravity-oriented compensator

http://dx.doi.org/10.1155/2013/216034
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to deliver a uniform dose to a patient lying on the floor
[10]. This method can be implemented in a small treatment
room, but it also results in a large penumbra around the
lung shielding area. The translating couch technique moves
a patient horizontally beneath a vertical beam to achieve a
uniform dose distribution. However, a moving couch with
adjustable speed is required [11–16]. Recently, sequential
beam delivery techniques have been used in TBI. Helical
TomoTherapy can continually deliver a uniform dose to
a patient on the treatment couch with 360∘ spiral gantry
rotation. This can be achieved using the standard planning
beammodel without extra management [17–20]. In addition,
linear accelerator-based intensity modulated techniques have
been used to treat a large target volume with multiple
isocenters under the standard treatment condition [21, 22].
The advanced field-in-field (FIF) technique uses a simple
method to compensate for body contour variationwith lateral
beam delivery [23].Themodulated-arc total body irradiation
(MATBI) technique delivers a uniform dose to the entire
body by rotating gantry fields planned inversely by a new
beammodel commissioned at an extended source-to-surface
distance [24, 25]. The aperture-modulated translating bed
TBI (AMTBI) technique synchronizes the aperture with bed
motion to improve dose uniformity and reduce dose to the
lungs [13, 14].

The choice of TBI techniques depends on the clinical
requirements, equipments availability, and practicality. In a
limited treatment space, it is important to deliver a uniform
dose to the entire body without extra equipment or com-
plicated techniques while keeping the lung dose within the
tolerance level.

This study presents a novel step translation dynamic field-
matching (STDFM) technique to implement the TBI treat-
ment in a small treatment room with AP/PA beams. Patients
can be treated in a comfortable position without complicated
bed translation, gantry rotation, and beam modulation. In
addition, a uniform dose is delivered to the body, while spar-
ing the lungs. The proposed method was verified by phan-
tom measurement using GAFCHROMIC films.

2. Materials and Methods

A RANDO phantom was set up on the floor in supine and
prone positions for the AP and PA treatments, respectively.
For each AP and PA treatment, two oblique fields irradiated
the superior and the inferior parts of the body. These two
fields were angled obliquely so that the inferior edge of
the superior field matched the superior edge of the inferior
field. Moreover, through dynamic leaf motion, the matching
edges were feathered over an overlapped region marked on
the phantom surface. In between the superior and inferior
irradiations, the phantom was translated according to these
marks. The optimal overlap widths of different leaf motion
lengths were investigated and used for the treatment setup. A
compensatorwas used tomodulate the slanted beam intensity
due to oblique incidence of the fields. A beam spoiler was
used to increase the dose in the buildup region. It also
served as a platform on which the lung shielding blocks were

placed. The lung shielding blocks reduced the lung dose. An
additional electron beam was used to boost the dose to the
chest wall.

2.1. Dynamic Field Matching. For TBI involving multiple
matching fields, dose heterogeneity in the junction region
[3] is a major concern. Ideally, fields abutting perfectly at
the match line can provide uniform dose across the junction
region. In practice, dose variation is usually observed due
to setup and machine errors. Figure 1(a) illustrates an ideal
case of perfect field matching which results in a uniform dose
across the junction region. Figure 1(b) shows a slight overlap
of the matching fields which produces a significant dose peak
in the profile. Similarly, Figure 1(c) shows a gap between the
matching fields which results in a cold spot. Magnitude of
the dose variation depends on themagnitude of thematching
error.

To deal with dose heterogeneity, a dynamic field-edge
matching technique [26–28] that smears dose inhomogeneity
over the field matching zone by two complementary inclined
fields was used (Figure 2). In order to keep homogeneous
junction dose at all depths, the matching field edges must
be parallel to each other. Hence, the gantry was rotated
according to the beam divergent angle to make the matching
field edges aligned.

Based on the dynamic field-edge matching technique, a
patient was set up on the floor in supine and prone positions.
Two oblique fields with an overlapped region on the body
surface were delivered by translating the patient to align the
matching line with the respective dynamic field edges. As a
result, a large volume can be irradiated.

2.2. Dynamic MLC Field Editing. The method of editing
dynamic MLC leaf sequence files has been published pre-
viously [29]. For this study, the dynamic MLC fields were
edited using the Shape Editor (Version 6.1, Varian Medical
Systems, Palo Alto, CA, USA) to form a tapered field edge
with the fluence decreasing gradually from the value in field
to zero at the field edge.The superior dynamic field irradiated
the upper part of the body with the B-leaves in motion. It
consisted of two segments. The leaves of the first segment
were set at the start position with dose fraction 0, and the
leaves of the second segmentwere set at the stop positionwith
dose fraction 1. The A-leaves were fixed at 20 cm. Similarly,
the inferior dynamic field irradiating the lower part of the
body was created with the A-leaves in motion. Crucially,
these two dynamic fields must have the same leaf motion
length. With this condition, the two adjacent inclined fields
were matched complementarily to produce a uniform dose
distribution in the overlapped region. Figure 3 shows the
fluence distribution of the dynamic fields with the leaves
moving from location 20 cm to location 17 cm.

2.3. Treatment Setup. Figure 4 shows the STDFM TBI treat-
ment setup. A RANDO phantom was set up on the floor in
the supine and prone positions beneath the gantry. A beam
spoilerwas placed 30 cmabove the floor.The lung blockswere
placed on the spoiler to shield the lung during the superior
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Figure 1: Two adjacent abutting fields. The setup and machine errors cause dose variation where the fields meet. (a) If the two fields are
matched perfectly, they produce a uniform dose distribution at the junction. (b) When the fields overlap, an overdose is seen in the dose
profile. (c) When there is a gap, an underdose is produced.
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Dose profile
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(b) With a gap

Figure 2: The dynamic field-edge matching technique generates a match zone by overlapping two fields along their border. Two
complementary inclined fields smear the dose variations over a wide region. The field intensity profiles are shown with the fields (a)
overlapping or (b) separated by a gap.

field irradiation.The distance from the source to the floor was
230 cm.

TBI was performed using two dynamic edge matching
fields for each AP/PA treatment. The superior field was used
to treat the upper part of the body and the inferior field
for the lower part. Between delivery of these two fields, the
phantom was translated so that these two fields covered the
whole body with an overlap. In order to keep the abutting
field edges parallel to each other at all depths, the gantry
angle was rotated 11∘ clockwise for the inferior field and
counterclockwise for the superior field. The 11∘ angle was
calculated as tan−1(20/100). The leaves were set at the start
position of 20 cm measured at a source-to-isocenter distance
of 100 cm. All treatments were delivered on a Varian 21EX
linear accelerator with a 6 MV photon beam at 40 × 40 cm2
field size and 0∘ collimator angle.

The procedure of the two-step translation is illustrated in
Figure 4. The width between the two match lines depends on
the leaf motion length of the dynamic fields and is described

below.The location of the overlapped region was determined
by simulating the treatment conditions of the superior and
inferior fields, such that the combined dynamic fields covered
the entire body.

In the AP treatment, the phantom was set in the supine
position. First, for the superior field, the gantry was set
to 349∘. The phantom was then translated to align the
inferior match line with the inferior edge of the field. The
beam was then turned on with the B-leaves set in motion
during beam on. After completing delivery of the superior
field, the gantry was rotated clockwise to 11∘ for delivery
of the inferior field. The phantom was translated to align
the superior matching line with the superior edge of the
field. The beam was then turned on with the A-leaves set in
motion during beam on. Using this two-step translation, the
AP treatment can be delivered via the two dynamic fields.
Similarly, for the PA treatment, the phantom was set in the
prone position, and the same procedure was repeated as in
the AP treatment.
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Figure 3: Dynamic MLC fields consist of inclined radiation field. (a) The field geometry is shown. (b) The radiation fluence delivered by a
dynamic field. When the beam is on, the leaves move continuously from the 20 cm position to the 17 cm position. (c) The fluence map of the
inferior field when the A-leaves move in. (d) The fluence map of the superior field when the B-leaves move in.
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Figure 4: The setup for two-step translation dynamic field-edge matching TBI. (a) The superior field irradiates the upper body with the
B-leaves moving in. The dynamic field edge is aligned with the inferior line at a gantry angle of 349∘ (= 360∘ − 11∘). (b) After shifting the
patient, the inferior field irradiates the lower body with the field edge of the A-leaves aligned with the superior line at a gantry angle of 11∘. ⊕
indicates the isocenter of the linear accelerator. + indicates the central axis of the dynamic field.

2.4. Beam Intensity Compensator. As described above, in
order tomatch the abutting field edges at all depths, the center
lines of the two dynamic fields were incident obliquely at
the body surface so that the matching edges were parallel.
An oblique incident beam, however, produced a slanted dose

profile. An NE-2581 farmer type ionization chamber inserted
inside a 20 cm thick solid water phantom (Gammex RMI
457) at a depth of 10 cm was used to measure the dose
profile at the treatment distance. Setting the gantry angle at
11∘ with a 40 × 40 cm2 static field size, the transverse dose



BioMed Research International 5

profiles were measured with the phantom moving along the
transverse direction. To modify the oblique beam fluence
distribution, a beam compensator composed of a lead sheet
of 1mm in thickness was employed according to the shape of
themeasured dose profile.The beam compensator was placed
on the blocking tray 65 cm from the source. It comprised
of two parts: 12 cm width with the lead sheet and 14 cm
width without the lead sheet. The transmission factor of the
lead sheet was measured under the treatment conditions.
Similarly, the dose profile at 10 cm depth was measured with
the beam compensator mounted on the accessory mount in
the same way.

2.5. Optimal Overlapping Widths in the Phantom. Dose uni-
formitywithin the field-matching zone depends on the length
of leaf motion and the width of field overlap. Basically, longer
leaf motion produces a slower dose gradient and a wider
inclined region at the field border. Hence, a wider overlapped
region is preferred for better dose uniformity. To determine
the optimal overlap widths for various dynamic fields, we
created leaf motion lengths of 1-, 2-, 3-, 4-, and 5-cm by the
Shaper Editor. The dynamic beam profiles at field borders
were measured using the Profiler (Sun Nuclear 1170).

The dose profiles were measured using the Profiler placed
inside a solid water phantom on the floor at 10 cm depth with
the gantry angle at 349∘ for a 40 × 40 cm2 and 6MV photon
beams. Before the measurements, the profiler was calibrated
under the treatment condition. To avoid electronic circuit
damage, the dynamic field edge was aligned to detector No. 9
to keep the irradiated area away from the electronic circuit.

The measured dose profiles were exported as text files
and normalized to the detector No. 40 located away from the
region of leaf motion. To obtain total dose distribution in the
junction area of the two dynamic fields, complementary dose
profiles were created by reversing the measured dose profiles
in position. Summing themeasured and created dose profiles
assuming different overlap widths, dose distributions in the
junction region were obtained. ±10% dose variation criteria
were used to screen for the optimal overlap width.

2.6. Dose Profiles in the Overlapped Region at Different Depths.
Static parallel matching field edges produce a constant over-
lapwidth at all depths. However, dynamic fieldmatchingwith
a changing field edge during beam delivery results in variable
overlap widths at different depths. Hence, dose uniformity
will vary with depth. To ensure uniform dose distributions in
the junction area at all depths, 1.5 cm EBT3 GAFCHROMIC
film strips (ISP Corp., Wayne, NJ) was sandwiched between
the solidwater phantom slabs on the floor, at depths of 0, 5, 10,
and 15 cm tomeasure the total dose profiles in the overlapped
region.

The irradiated films were stored in light-tight bags and
scanned 24 h later using an Epson 1680 flatbed scanner with
the 48 bit RGB color transmission mode, 72 dpi resolution,
and no color correction.The images were saved in the tagged
image file format (TIFF), and only the red channel signals
were used in subsequent readout procedures. Calibration

curve fitting and signal-to-dose conversion were performed
using the FilmQA software.

2.7. Total Dose Profile of the Dynamic Matching Fields. The
midline dose from the two overlapping dynamic fields should
be verified in the phantomwith a beam compensator in place
to ensure a uniform dose delivery. An ionization chamber
(NE 2581) setup under the treatment condition in a 20 cm
thick solid water phantom was used to measure the dose
profiles at depths of 5, 10, and 15 cm. Two oblique fields, a
superior field with the gantry angle set at 349∘ and an inferior
field with the gantry angle set at 11∘, delivered the dose to
the phantom. Each field has a dynamic edge formed by 3 cm
leaf motion, the superior field with the B-leaves moving in
while the inferior field with the A-leaves moving in, which
produced a 5.5 cm overlapped region on the phantom surface
based on the optimal overlap width. To measure the midline
dose, the superior and inferior matching lines were drawn on
the phantom surface 5.5 cm apart in parallel formeasurement
setup. The center of the overlapped region was the center
of the entire radiation field. During the measurement, the
phantom was moved along the transverse axis of the beam,
and the ionization chamber accumulated the doses delivered
by the two matching fields. The chamber readings were
normalized to the reading at the 40 cm position away from
the center of the overlapped region.

2.8. Percentage Depth Dose in the Buildup Region. A 1 cm
thick acrylic beam spoiler was placed 30 cm above the floor
over the phantom.The spoiler-to-phantom distance depends
on the thickness of the phantom, for example, 10 cm for a
20 cm thick phantom.Without the spoiler, dose deficiency in
the buildup region for megavoltage photon beams results in
dose inhomogeneity in the TBI treatment. With the spoiler,
electrons scattered out from the spoiler increase the surface
dose to near the maximum dose. A Markus parallel plate
ionization chamber inserted inside a 20 cm thick solid water
phantom was used to measure percentage depth doses in the
buildup region for a vertical beamwith andwithout the beam
spoiler in place and for an oblique beamwith the beam spoiler
at the treatment distance.

2.9. RANDO Phantom Dosimetry. A RANDO phantom and
GAFCHROMIC films were used to verify dose uniformity
using the STDFM TBI technique. Dose distributions were
measured by placing EBT3 films between RANDO phantom
sections along the AP direction in several regions of inter-
est including head, neck, lungs, abdomen, pelvis, and the
overlapped region. In addition, film strips were placed in
lateral direction at the abdomen and the head to investigate
lateral dose distribution. All film strips were 1.5 cm in width
and cut from the same batch. Radiation was delivered to the
phantomwithAP/PAbeams following the treatment protocol
described above which adopts dynamic field edges with 3 cm
leaf motion, 5.5 cm field overlap, lung shielding, and a rice
bag attached to the neck. Film dosimetry procedure was
performed as described above.
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Figure 5:Thedose profilemeasured at a depth of 10 cmwith a gantry
angle of 349∘ (= 360∘ −11∘) and a 40 × 40-cm2 field.The static fields
with and without a beam compensator are shown.
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Figure 6: The field profiles were measured using a linear Profiler in
solid water at a depth of 10 cm. A static field and dynamic field edges
with various leaf motion lengths (measured at isocenter) are shown.

3. Results

3.1. Beam Intensity Compensator. An oblique radiation beam
results in a slanted dose distribution at depths in phantom.
For a 40 × 40 cm2 static field, the transmission factor of a 1-
mm lead sheet attached to the tray was 0.939. Dose variation
of the profile at a depth of 10 cm for the 11∘ oblique beam
without a compensator ranged from 0.96 to 1.10 between
−40 and +40 cm. The dose ratio was normalized to the
beam center. Dose variation with the beam compensator
in place ranged from 0.95 to 1.02 as shown in Figure 5.
The compensator smoothed the dose profile distribution and
decreased the dose variation from 14% to 7%.
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Figure 7: The summed dose profile at isocenter of two dynamic
matching field edges with a 3 cm leaf motion and a 5.5 cm overlap
at treatment distance. Field 1 was measured at depth of 10 cm and
field 2 was the inverse of field 1 in position.

3.2. Optimal Overlap Width of Dynamic Matching Fields.
Figure 6 shows dose profiles near field edges of the static
and the dynamic fields with leaf motion lengths of 1, 2, 3, 4,
and 5 cm. These profiles were measured with a Profiler. All
measurements were made at the gantry angle of 349∘ with the
40 × 40 cm2 field size at a depth of 10 cm.The horizontal axis
was labeled as the number of detectors spaced 5mm apart.
The vertical axis shows the dose ratio normalized to detector
No. 40, a detector far away from the field border. For dynamic
field edges, the dose profiles declined gradually to the border.
By comparison, the static field displayed high dose gradient
at the field edge. Increases in the dynamic leaf motion length
resulted in a decreased dose gradient and a broader inclined
region.

Figure 7 shows the combined dose profile of twomatched
dynamic field edges with a 5.5 cm overlap. Field 1 was
measured at a depth of 10 cm with 3 cm of leaf motion, and
field 2 was the reverse of the field 1 in terms of position. The
dose variation in the overlapped region ranged from 102.2%
to 106.1% with the dose normalized to detector No. 40.

Figure 8 shows the total dose profiles of the two dynamic
matching fields in the overlapped region at a depth of 10 cm
for various lengths of leaf motion and different overlap
widths. The horizontal axis is the distance from the center
of the overlapped region. For a given leaf motion length, a
broader overlap produced a higher dose distribution in the
matching zone compared with a smaller overlap. To obtain a
highly uniform dose distribution, longer leaf motion length
was preferred.

Based on the results shown in Figure 8, optimal overlap
width with the dose variation less than ±10% for different
lengths of leaf motion was obtained (Table 1). The optimal
overlap increased with the length of leaf motion. In addition,
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the range of optimal overlap was positively related to the
leaf motion. For example, with 5 cm of leaf motion, the
optimal width interval was 1.5 cm between 8.5 and 10.0 cm.
Similarly, 3 cm of leaf motion had a 0.5 cm optimal width
interval between 5 and 5.5 cm. Note that the optimal overlap
changed slightly with depth (due to the change in beam
divergence during leaf motion). A wider overlap has better
dose uniformity, but a shorter treatment dimension. To reach
a satisfied compromise between the dose uniformity and
treatment dimension, 3 cm of leaf motion and 5.5 cm overlap
were used in the subsequent experiments.

3.3. Dose Profiles in the Overlapped Region at Depths. The
dose uniformity at different depths in the overlapped region
should be maintained at an acceptable level. Dose profiles
were measured with strips of GAFCHROMIC films placed
in the solid water at depths of 0, 5, 10, and 15 cm as shown

Table 1: The optimal overlap widths of the two dynamic field edges
matched at a distance of 220 cm from the radiation source. When
overlapped optimally, the dose variation is within ±10% at the field
junction.

Leaf motion length (cm) 2 3 4 5
Optimal overlap width (cm) 3.5 5.0–5.5 6.5–7.5 8.5–10.0

in Table 2. The ranges of dose variation at depths of 0, 5, 10,
and 15 cm were 98.4% to 103.8%, 99.3% to 105.0%, 97.9% to
102.3%, and 98.3% to 101.2%, respectively. All the doses were
normalized to that of the point 5 cm away from the center
of the overlapped region. This confirmed dose uniformity
requirement at different depths.

3.4. Total Dose Profiles of Dynamic Matching Fields. The dose
profiles of the entire irradiated volume covered by the two
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photon beam measured using a Markus parallel plate ionization
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A 1 cm thick acrylic beam spoiler was placed above the floor at a
distance of 30 cm.The gantry angle was set at (a) 0∘ without a spoiler,
(b) 0∘ with a spoiler, and (c) 11∘ with a spoiler.

oblique fields with dynamic field edges were investigated
for clinical implementation. Figure 9 shows the total dose
profiles measured in the solid water phantom at depths of
5, 10, and 15 cm. The dose profiles were normalized to the
position 40 cmaway from the center of the overlapped region.
The variations of dose profiles within ±80 cm at depths of 5,
10, and 15 cm were 96.6% to 104.4%, 94.2% to 102.8%, and
91.9% to 100.0%, respectively. The dose in the overlapped

Table 2: The dose variation in the overlapped region at various
depths measured using EBT3 film strips placed in the solid water
phantom slabs. Two dynamic field edges with 3 cm of leaf motion
and gantry angles of 11∘ and 349∘ delivered a dose to a 20 cm-thick
phantom with an overlap of 5.5 cm.

Depth (cm) 0 5 10 15
Dose variation in
overlap region (%) 98.4–103.8 99.3–105 97.9–102.3 98.3–101.2

regionwas slightly higher due to a 5.5 cm overlap for the 3-cm
leaf motion. Furthermore, the dose variation decreased with
depth. This result demonstrated that the dynamic matching
field edges with a beam compensator produced uniform dose
distribution at various depths throughout the large treatment
volume.

3.5. Percentage Depth Dose in the Buildup Region. A spoiler
placed in front of the phantom provides extra scattered dose
to the buildup region and improve the dose uniformity. The
percentage depth doses of the vertical treatment field with or
without the spoiler and those of the 11∘ oblique field with the
spoiler were measured at the treatment distance, as shown
in Figure 10. The use of the spoiler in the beam increased
the surface dose from 57% to 99% and shifted the depth of
maximum dose toward the surface from 1.3 cm to 2mm. No
significant difference was observed between the 11∘ oblique
beam and the vertical beam with the spoiler.

3.6. RANDO Phantom Dosimetry. The dose distribution of
the STDFM TBI treatment was measured with EBT3 film
strips sandwiched between the RANDO phantom sections in
the AP and lateral directions. Figure 11 shows measurements
performed at several sites of interest: head, neck, lungs,
overlapped region, abdomen, and pelvis.The two sharp peaks
near the border of the profiles indicate the body surface
marked on the film strips. Doses were normalized to the
midpoint corresponding to the midline of the phantom of
the two sharp peaks on the film strips. The smooth profiles
between the peaks demonstrated good dose uniformity along
the AP direction. No significant dose deficit was observed
in the buildup region. The profile of the lung site showed
a higher dose outside the phantom. This might be caused
by the scattered radiation from the lung shielding above
the phantom. Two obvious dose peaks corresponding to the
location of the skull were also observed in the dose profile of
the head.A larger numbers of electronmotivated by the dense
skull bone increased the dose absorption of the film by 4.6%
compared to those of the surrounding soft tissues.There have
been relatively few studies on the dose distribution in TBI
affected by high-density bone compared with low-density
lungs. The absorbed dose to bone depends on the ratio of the
averaged mass energy absorption coefficient of the bone to
that of the surrounding soft tissues over the photon spectrum.
It is difficult to evaluate the influence of bone inTBI treatment
because of difficulties involved in determining the beam
spectrum, as well as the complex anatomical variations in
volume, shape, and density [3].
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Table 3: The dose variation measured in a RANDO phantom using GAFCHROMIC film strips sandwiched between sections at sites of
interest. The film strips were orientated along the AP direction, except for two strips along the lateral orientation at abdomen and head. The
dose ratios at midpoints of profiles inside the phantom were normalized to the midpoint dose measured between sections 27 and 28. The
dose variation was normalized to the midpoint of separation in body surface for individual profile.

Sites Head Neck lung1 Overlap
region Abdomen Abdomen Pelvis Head

(lateral)2
Abdomen
(lateral)2

Separation (cm) of body
surface 18.5 13 19 15.5 14.5 17.5 19.5 18.5 14.5

Dose ratio of midpoint 0.964 1.021 0.561 1.062 1.076 1.000 0.945 0.955 1.083
Maximum dose in profile (%) 104.6 103.4 101.2 102.8 103.2 103.3 103.3 111.7 109.8
Minimum dose in profile (%) 98.9 99.1 99.3 98.5 96.0 98.4 98.0 99.7 98.4
Between phantom section 2-3 8-9 17-18 23-24 25-26 27-28 31-32 2-3 25-26
1With lung shielding block. 2Film oriented in lateral direction.

To assess the complex effects of bone in TBI, wemeasured
the attenuated dose of the head with the skull bone and that
of the abdomen in the RANDO phantom with the same
thickness using an ionization chamber inserted in a 6 cm
thick solid water phantom at 1.5 cm of depth. The lateral
separation of the head in Section 3 of the phantom was about
15 cm. The anterior-posterior separation of the abdomen in
Section 25 was about 15 cm. The measurement was made
using the head site in the lateral position and the abdomen
site in the AP position placed above the solid water phantom
with the ionization chamber inserted in it at the treatment
distance. The measured dose ratio of the head site to the
abdomen site was 0.93 for the same physical thickness. The
results demonstrated that the head containing the skull bone
attenuated radiation to a greater extent than the abdomen.
Hence, bone inhomogeneity in the head should be considered
when evaluating dose uniformity for body contour variation
in the TBI treatment.The lateral dose profiles of the abdomen
and the head show approximately 9.8% and 11.7% higher
doses at the body peripherals than at the midpoint because
the body thickness is reduced laterally (Figure 12).

Table 3 shows the dose ratios at the midline along the
superior-inferior axis and the dose variation along the AP
and lateral directions for various anatomical sites including
the overlapped region. The dose ratio was normalized to
the dose at the midpoint measured between the sections 27
and 28 with a separation of 17.5 cm in the AP direction. For
dose variation evaluation, dose distribution was normalized
to the dose at midpoint of the individual profile inside the
phantom. The dose ratios at the midline of the different sites
ranged from 0.945 to 1.076, except that of the lung which
has a lower value of 0.561 due to the lung shielding. The
dose variation along the AP direction ranged from 96.0% to
104.6% for all sites. Two higher dose peaks were observed at
the skull location with a higher density. The dose variation
at the overlapped region ranged from 98.5% to 102.8%,
demonstrating good dose uniformity at depths within the
field matching zones.

4. Discussion

This study aimed to implement a TBI treatment technique
in a small treatment room with the requirement of lower

radiation exposure to critical organs, especially the lungs.
Due to space limitation, it is difficult to use conventional
AP/PA beams to deliver a large field. Although lateral treat-
ment using a large field with the patient sitting on a bed in
a crouched position can be employed, it is difficult to keep
the organ dose below the tolerance level while delivering a
sufficient dose to the surrounding tissues.

This work constructed a simple beam compensator to
compensate for the slanted dose profile at oblique beam
incidence. It can be easily assembled using a lead sheet and
no extra work is required for individual patient. Similarly,
the inclined beam intensity at the abutting field edges can
be created with the dynamic MLC motion and used for all
patients.

Dose uniformity in the matching zone was highly cor-
related with the leaf motion length of the dynamic field
edges and the width of the overlapped region. A dynamic
field edge with 3 cm leaf motion at the isocenter projects an
approximately 6.6 cm wide region of uniform distribution
at a distance of 220 cm. In theory, if a static open field
has a steep square dose distribution, the linear motion of
the leaves would produce a perfect inclined fluence in the
field border. Consequently two complementary dynamic field
edges merged with a 6.6 cm overlap should form a smooth
field junction. Merging two imperfect inclined fluence distri-
butions in the field border introduced dose inhomogeneity in
the junction area. Furthermore, an additional factor affecting
dose uniformity in the field junction area is the variation of
the overlap widths at different depths due to the change of
dynamic field-edge incident angle during beam on. We have
examined the dose variation across the field junction area and
determined the optimal overlap width for each dynamic field
edge.

A greater leaf motion length produces a broader match-
ing zone. Consequently, dose variation due to geometric
uncertainty may be smeared and result in better dose uni-
formity. However, a greater field overlapped region reduces
the treatment dimension. In a clinical scenario, two oblique
matching fields projecting an approximately 160 cm long
treatment dimension on the floor can be used to treat a 170 cm
tall patient by bending the patient’s legs. For taller patients
whose entire body cannot be placed within the treatment
field, additional conventional AP-PA fields could be given to
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Figure 11: Dose distributions of step translation dynamic field-edgematching total body irradiation along the AP orientation are shown.They
were measured with EBT3 film strips sandwiched between RANDO phantom sections. Measurements were made at several sites of interest,
including head, neck, lungs, overlapped region, abdomen, and pelvis. The sharp peaks indicate the location of the body surface marked on
the film strips. The dose was normalized to that at the midpoint of the two sharp peaks.

the lower extremities which are presumably less sensitive to
radiation damage.

Conventional AP/PA TBI treatment has the advantage
of less body contour variation compared to the lateral beam
treatment, and the midline dose variation within ±10% level
is recommended. Large variation in the body contour results
in excessive dose variation. Although the lower limbs do
not contain sensitive organs, dose delivery should still be
as accurate and as uniform as possible. Yao et al. used a
simple technique to improve dose uniformity in the superior-
inferior axis according to patients’ contours [30]. In our
RANDO phantom study of dosimetry without lower limbs,
a uniform dose was achieved. A slanted beam profile due to
oblique incidence provides lower radiation intensity on one

side of the field. The degree of slant depends on the oblique
angle. For example, a beam with an 11∘ oblique angle results
in an approximately 14% dose difference between the two
opposite sides of the profile at a depth of 10 cm in the phantom
study. This suggests that an oblique incidence can serve as a
virtual compensator for extremities of the body.

The implications of our findings are limited because the
dose distribution in the lateral axis cannot be modified using
the current technique. From the lateral profiles measured
in the RANDO phantom, the dose variations at the body
periphery were 9.8% and 11.7% higher than at the midpoint
for abdomen and head, respectively. Since variation in actual
human body is great, it is important to recognize the possi-
bility of dose variation along the lateral axis.
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Figure 12: Lateral dose profilesmeasuredwith film strips positioned at abdomen and head along the lateral direction.The sharp peaks indicate
location of the body surface.

Although dynamic TBI techniques such as dynamic
beams delivered with gantry rotation and continually trans-
lating the patient during beam on can be used in a small
treatment room they also introduce a broadened penumbra
in the shielded region along the superior-inferior direction.
If taking lung motion during breathing into account [10], the
penumbra might be even larger. This might be improved by
using a complicated correction method [25] or an additional
process [12]. Although the lung motion during breathing
makes the effect uncertain [10], the penumbra might be even
larger. Therefore, fixed beam TBI techniques are preferred
over the dynamic techniques for lung shielding.

Sequential field delivery TBI techniques which deliver
doses with small fields sequentially might cause dose hetero-
geneity in the circulating blood.Molloy [31] studied this effect
and concluded that the heterogeneity is acceptable in clinical
practice. Our STDFMTBI technique delivers a dose with two
large fields, and the effect of dose heterogeneity might be less
significant than the sequential techniques.

The over response of the dose measurement in the
buildup region using a parallel plate ionization chamber
could be attributed to the uncertainty of the surface dose
measurement in TBI. Several authors [32, 33] corrected the
effect under standard treatment condition. Yao et al. [30]
measured percent depth doses using a Markus parallel plate
ionization chamber and concluded that the surface dose can
increase to 99% when a spoiler is used in a beam. The
results (Figure 11) of our phantom study also showed that the
uniform dose could be achieved in the buildup region under
the TBI treatment condition. To implement TBI treatment
in a small treatment room with lung shielding, several tech-
niques have been proposed [13, 24].These techniques have the
advantage of generating a highly uniformdose distribution in
three dimensions. It, however, requires additional equipment
and/or complex procedures.

5. Conclusions

We examined feasibility of a simple step translation and
dynamic field-edgematching TBI technique using a RANDO
phantom model. The method can be used to treat patients in

a small treatment room, while keeping the lung dose under
the desired level without using extra equipment, complex
procedures, and patient-specific compensators.

Acknowledgments

This paper was supported by the Taichung Veterans General
Hospital Branch Joint Research Program (TCVGH-997101B).
field edgesmatched at a distance of 220 cm from the radiation
source. When

References

[1] F. M. Khan, Physics of Radiation Therapy, Lippincott Williams
&Wilkins, Philadelphia, Pa, USA, 4th edition, 2010.

[2] A. Stein and S. J. Forman, “Allogeneic transplantation for ALL
in adults,” Bone Marrow Transplantation, vol. 41, no. 5, pp. 439–
446, 2008.

[3] J. Van Dyk, J. Galvin, G. P. Glasgow, and E. B. Pordgorsak,
“The physical aspects of total and half body photon irradiation,”
Report of Task Group 29 of the Radiation Therapy Committee
of the American Association of Physicists in Medicine 17,
American Institute of Physics, New York, NY, USA, 1986.

[4] J. C. Breneman, H. R. Elson, R. Little, M. Lamba, A. E. Foster,
and B. S. Aron, “A technique for delivery of total body irra-
diation for bone marrow transplantation in adults and ado-
lescents,” International Journal of Radiation Oncology Biology
Physics, vol. 18, no. 5, pp. 1233–1236, 1990.

[5] R. Miralbell, M. Rouzaud, E. Grob et al., “Can a total body
irradiation technique be fast and reproducible,” International
Journal of Radiation Oncology Biology Physics, vol. 29, no. 5, pp.
1167–1173, 1994.

[6] S. K. Hui, R. K. Das, B. Thomadsen, and D. Henderson, “CT-
based analysis of dose homogeneity in total body irradiation
using lateral beam,” Journal of Applied Clinical Medical Physics,
vol. 5, no. 4, pp. 71–79, 2004.

[7] M.-C. Lavalle, L. Gingras, M. Chrtien, S. Aubin, C. Ct, and L.
Beaulieu, “Commissioning and evaluation of an extended SSD
photon model for PINNACLE3: an application to total body
irradiation,”Medical Physics, vol. 36, no. 8, pp. 3844–3855, 2009.

[8] D. Abraham, V. Colussi, D. Shina, T. Kinsella, and C. Sibata,
“TBI treatment planning using the ADAC pinnacle treatment



12 BioMed Research International

planning system,”Medical Dosimetry, vol. 25, no. 4, pp. 219–224,
2000.

[9] B. Schaeken, S. Lelie, P. Meijnders, D. Van Den Weyngaert, H.
Janssens, and D. Verellen, “Alanine/EPR dosimetry applied to
the verification of a total body irradiation protocol and treat-
ment planning dose calculation using a humanoid phantom,”
Medical Physics, vol. 37, no. 12, pp. 6292–6299, 2010.

[10] C.-S. Chui, D. P. Fontenla, E. Mullokandov, A. Kapulsky, Y.-C.
Lo, and C.-J. Lo, “Total body irradiation with an arc and a
gravity-oriented compensator,” International Journal of Radia-
tion Oncology Biology Physics, vol. 39, no. 5, pp. 1191–1195, 1997.

[11] B. Umek,M. Zwitter, andH.Habič, “Total body irradiationwith
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This paper summarizes the usefulness and limitation of positron emission tomography (PET) with 18F-fluorodeoxyglucose (18F-
FDG) in the diagnosis and treatment of primary central nervous system lymphoma (PCNSL). The 18F-FDG uptake in typical
PCNSL is about 2.5 times higher than that in the normal gray matter, and the tumor can usually be identified visually.The 18F-FDG
uptake pattern and value provide useful information for differentiating PCNSL from other enhancing malignant brain tumors
especially glioblastoma (GB). The 18F-FDG uptake in typical PCNSL is usually homogenous, and the uptake value is significantly
higher than that in GB. However, 18F-FDG PET often fails to show the presence of tumor in the brain as 18F-FDG uptake is faint in
atypical PCNSL such as disseminated or nonenhancing lesions. 18F-FDG PET is also useful for evaluating the treatment response
at a very early stage after the initial treatment. Pretreatment and posttreatment 18F-FDG uptake values may have a prognostic value
in patients with PCNSL. In conclusion, 18F-FDG PET is very useful in the diagnosis of typical PCNSL and can differentiate PCNSL
from other malignant brain tumors. However, the usefulness of 18F-FDG PET is limited in the diagnosis of atypical PCNSL.

1. Introduction

Although primary central nervous system lymphoma
(PCNSL) is a rare tumor accounting for only 3–5% of all
primary brain tumors, the incidence of PCNSL in developed
countries is about 5 patients per 1 million person/year [1–3].
Epidemiological data have shown a continuous increase
over the past three decades in the immunocompetent pop-
ulation, whereas the incidence seems to be decreasing
in patients with acquired immunodeficiency syndrome
(AIDS) since the development of highly active antiretroviral
therapies [4]. PCNSL affects all age groups, with the peak
incidence being in the fifth to seventh decades in non-AIDS
patients. Therefore, the rising incidence of PCNSL may only
represent the increasing age of the population. Recent studies
have shown an encouraging improvement in the overall
survival time when radiotherapy is combined with high-dose

methotrexate- (MTX-) based chemotherapy [5, 6]. Young age
and good Karnofsky performance score (KPS) at the time of
diagnosis are reported to be associated with longer survival
time [7]. Therefore, early diagnosis of PCNSL is essential to
start early treatment before the patient’s performance status
has declined. Clinical diagnosis of PCNSL is sometimes
difficult and delayed because common initial symptoms such
as focal signs, raised intracranial pressure, and behavioral
and personality changes especially in elderly patients are
nonspecific [8]. Computerized tomography (CT) and mag-
netic resonance (MR) images in patients with PCNSL show
single or multiple uniformly well-enhancing lesions that are
usually located in the periventricular lesions and the basal
ganglia and often involve the corpus callosum [8, 9]. These
radiological findings are not pathognomonic for PCNSL
and cannot accurately differentiate PCNSL from other
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tumorous or nontumorous brain lesions. Moreover, atypical
MR findings such as disseminated lesions or no lesions are
more prevalent in a recent study than formally reported in
immunocompetent patients with PCNSL [10].

Although CT and MR imaging are still the most impor-
tantmodalities in the diagnosis of PCNSL,modernmetabolic
imaging modalities other than conventional morphological
imaging are increasingly used to improve accurate diagnosis
of PCNSL. Positron emission tomography (PET)with glucose
analogue 18F-fluorodeoxyglucose (18F-FDG) is one of the
most attractive and widely used modalities for evaluating
tumor metabolism noninvasively. Although PCNSL usually
shows huge uptake of 18F-FDG, normally high uptake of
18F-FDG in the cerebral cortex, basal ganglia, and thalamus
sometimes mask the presence of underlying PCNSL. Even
in a rapid emerging clinical application, the role of 18F-FDG
PET in PCNSL is not fully defined and reviewed systemically.
This paper reviews the usefulness and limitation of 18F-FDG
PET in the diagnosis and treatment of PCNSL.

2. Molecular Mechanism of 18F-FDG Uptake

The glucose analog 18F-FDG is a surrogate biomarker for
glucose metabolism in vivo and is the most commonly used
clinical PET radiotracer. The clinical applications of 18F-
FDG PET continue to increase, especially in the field of
oncology as 18F-FDG can be delivered from a hub-cyclotron
center because of the relatively long half-life of 18F (110min).
The molecular mechanisms of 18F-FDG uptake in the cells
were investigated intensively in vitro and in vivo. 18F-FDG
enters the cells by the same membrane glucose transporter
(GLUT) as glucose.More than 10 GLUTs have been identified
to date; only GLUT-1 and GLUT-3 need to be considered
in the normal and tumorous brain [11]. After passing the
blood-brain barrier (BBB) via the GLUT, both 18F-FDG and
glucose are phosphorylated by hexokinase. Unlike glucose-
6-phosphate, 18F-FDG-6-phosphate is not a substrate of glu-
cose-6-phosphate isomerase and does not undergo further
metabolism in the glucose pathway and is trapped in the
cells. As a result, the 18F-FDG uptake is a good reflection of
glucose transport and phosphorylation by cells in the tumor.
Several mechanisms have been shown to cause increased 18F-
FDG uptake in malignant tumors including high cellular
density, overexpression of GLUT [12–14], and increased
hexokinase activity [13, 14]. 18F-FDG PET for tumor imaging
is typically performed 45 to 60 minutes after an intravenous
administration of 18F-FDG. This interval allows the increase
in tumor tracer activity due to intracellular trapping of 18F-
FDG-6-phosphate and the concomitant decrease in blood
pool radiotracer and overall background tracer activity to
improve the tumor-to-background ratio.

The degree of 18F-FDG uptake is measured to per-
form comparison within and between different patients and
disease.The standardized uptake value (SUV) is a widely used
method ofmeasuring static 18F-FDGuptake in the lesion.The
SUV is a semiquantitative value if all of the injected tracer is

distributed evenly throughout the body and is computed as
follows:

SUV =
FDGregion

(FDGdose/WT)
, (1)

where FDGregion is the decay-corrected regional radiotracer
concentration in becquerel (Bq) per milliliter, FDGdose is the
administered 18F-FDGdose in Bq, andWT is the bodyweight
in kilograms. Alternatively, the tumor-to-normal brain tissue
(T/N) ratio is used for evaluating 18F-FDG uptake in the
lesion. The T/N ratio is usually calculated by dividing the
tumor SUV by the SUV value of the contralateral normal
gray matter. The T/N ratio is not influenced by the injected
radiotracer dose and the body weight, but the selection of
normal brain tissue critically affects the calculated value.

3. 18F-FDG PET in the Diagnosis of PCNSL

3.1. Primary Diagnosis and Differentiation from Nontumor-
ous Lesions. PCNSL has a very high cellular density and
increased glucose metabolism and usually shows strong
uptake of 18F-FDG in the tumor [15–20] (Figure 1). The
semiquantitative 18F-FDG uptake values measured by max-
imum SUV (SUVmax) are reported to be 14–22 in PCNSL
[15–18], and this value is about 2.5 times higher than the
average SUV in the normal gray matter [15–17] (Table 1).
In patients with acquired immunodeficiency syndrome
(AIDS), 18F-FDG uptake in the lesions can be used to dis-
tinguish between human-immunodeficiency-virus-(HIV)-
related brain disease such as cerebral toxoplasmosis and
PCNSL [21–23] (Figure 2). The use of 18F-FDG PET in
the diagnosis of PCNSL is not a new concept. In 1992,
Rosenfeld et al. reported a strong 18F-FDG uptake in a
group of 10 patients with PCNSL [19]. They also reported
a patient who showed dramatic disappearance of 18F-FDG
uptake in the tumor with steroid therapy [19]. Hustinx et al.
examined SUVs in primary brain tumors on 18F-FDG PET
and concluded that SUV measurements were influenced by
a variety of factors, such as plasma glucose level, steroid
treatment, tumor size and heterogeneity, time after injection,
and previous radiation therapy [24]. Steroids have a cytotoxic
effect in lymphoma cells and reduce 18F-FDG uptake in the
tumor significantly causing false negative results of 18F-FDG
PET in the diagnosis of PCNSL [15]. Moreover, nonspecific
uptake of 18F-FDG has been reported in patients with non-
tumorous brain lesions such as intracerebral hematoma [25],
brain abscess [26], andmultiple sclerosis [27]. Animal studies
have shown that inflammatory cells significantly contribute to
18F-FDG uptake in tumors. Kubota et al. reported that about
30% of 18F-FDG uptake was related to the non-tumorous
tissue in a malignant tumormodel in mice [28].The extent of
18F-FDG uptake in the non-tumorous lesions depends on the
increased density of inflammatory cells as well as disruption
of the BBB in the lesion.

3.2. Differentiation from Other Malignant Brain Tumors. Re-
cent studies have revealed that 18F-FDGPET can differentiate
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Figure 1: Contrast-enhanced T1-weighted MR (upper) and 18F-FDG PET (lower) images in PCNSL patients with typical MR findings. MR
images show a homogenous enhanced lesion in the left basal ganglia (a), the right frontal white matter (b), and the corpus callosum (c).
18F-FDG PET images show a strong 18F-FDG uptake in the lesions.

Table 1: Literature review: 18F-FDG SUVmax and T/N ratio in PCNSL.

Study 𝑛 Age (range) SUVmax T/N ratio
Kosaka et al. (2008) [15] 71 — 22.2 ± 5.0 2.31 ± 0.70

Kawai et al. (2010) [16] 172 65 (47–79) 13.5 ± 5.4 2.54
Kawase et al. (2011) [17] 132 70 (54–80) 13.9 ± 5.7 2.74 ± 1.25

Makino et al. (2011) [18] 14 — 16.8 ± 7.2 —
1Two patients were treated with dexamethasone before PET study.
2Seven patients are overlapped (same institution).

PCNSL from other malignant brain tumors such as glioblas-
toma (GB) andmetastatic brain tumor [15, 18] (Figure 3).The
18F-FDGuptake in PCNSL is usually homogenous in contrast
to inhomogeneous uptake in other malignant brain tumors.
Kosaka et al. showed that metastatic brain tumors and GBs
except for 1, case can be distinguished from PCNSL with 18F-
FDGPETwhen the cutoff valuewas set at 15 of SUVmax [15]. A
recent study demonstrated the usefulness of 18F-FDGPET for
differentiating between PCNSL and GB showing similar MR
findings. 18F-FDG uptake in PCNSL (SUVmax of 16.8 ± 7.2)
was significantly higher than that in GB (SUVmax of 8.2 ± 3.1;
𝑃 < 0.01) [18]. The accuracy of 18F-FDG PET for lesion
differentiation was 0.86 when the cutoff value was set at 12 of
SUVmax with a sensitivity of 100% and a specificity of 71.4%
[18]. The overlying cortical gray matter sometimes shows
glucose hypometabolism in PCNSL located in the deep white
matter and the basal ganglia/thalamus. This finding is not

a specific phenomenon in PCNSL and is reported in patients
with gliomatosis cerebri due to disconnection of the cortical
gray matter by tumor infiltration [29].

3.3. Diagnosis of Atypical PCNSL. PCNSL with typical radi-
ological findings shows strong 18F-FDG uptake in almost all
cases, and 18F-FDGPET provides valuable information in the
primary diagnosis of PCNSL. However, PCNSL sometimes
demonstrates atypical radiological findings such as dissem-
inated or nonenhancing lesions (no lesions) in contrast-
enhanced MR or CT images [9, 10]. Such atypical findings
in non-AIDS patients with PCNSL were more prevalent in a
recent study, showing that 13% of the patients had no lesions
and 7% of the patients had disseminated lesions [10]. Ring-
like enhancement occurs in more than 50% of the lesions in
AIDS-related PCNSL, but also in 6–13% of the lesions in non-
AIDS PCNSL [9, 10]. 18F-FDGuptake in PCNSLwith atypical
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Figure 2: Contrast-enhanced T1-weighted MR (a) and 18F-FDG PET (b) images in an HIV-positive patient with toxoplasmosis. MR images
showmultiple, small, irregular enhanced lesions in the basal ganglia and the whitematter. PET images show no 18F-FDGuptake in the lesions.

R
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Figure 3: Contrast-enhanced T1-weighted MR (upper) and 18F-FDG PET (lower) images in GB patients. MR images show a heterogeneous
ring-like enhanced lesion in the right frontal lobe (a) and the splenium (b). PET images show a mild ring-like 18F-FDG uptake in the lesions.
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Figure 4: Contrast-enhanced T1-weighted MR (upper) and 18F-FDG PET (lower) images in PCNSL patients with atypical MR findings. MR
images show a ring-like enhanced lesion in the right frontal lobe (a), multiple faint enhanced lesions in the right cerebral cortex and the
corpus callosum (b), multiple small enhanced lesions in the bilateral frontal white matter and the corpus callosum (c), and no enhancing
lesion in the brain (d). PET images show no 18F-FDG uptake in the lesions except for moderate 18F-FDG uptake in the right frontal cortex
(arrow) in case (b).

radiological findings is not increased sufficiently to detect the
tumor visually because of normally high background uptake
of 18F-FDG in the brain (Figure 4). Kawai et al. revealed that
3 of the 4 18F-FDGPET failed to show the presence of PCNSL
with atypical radiological findings visually [30]. Therefore,
18F-FDG PET is not a perfect tool, and caution is necessary
especially in the diagnosis of atypical PCNSL. To date no
imagingmodality can definitively diagnose PCNSL, and early
tumor biopsy is still recommendedwhen PCNSL is suspected
especially with atypical radiological findings [31].

3.4. Detection of Occult Systemic Lymphoma. PCNSL is, by
definition, a non-Hodgkin’s lymphoma restricted to the CNS.
Standard staging for PCNSL needs to examine contrast-
enhanced CT of the chest, abdomen, and pelvis and some-
times bone marrow biopsy to exclude systemic lymphoma
[32]. Conventional body staging in patients initially diag-
nosed with PCNSL showed an occult systemic lymphoma
in about 4% of the patients [33]. The clinical significance
of identifying systemic disease is uncertain, but at least
5% of PCNSL relapse outside the CNS [34]. 18F-FDG PET
may be more sensitive than conventional body staging and
may disclose higher rates of concomitant systemic disease
at initial PCNSL diagnosis. Mohile et al. demonstrated that

7% of patients initially diagnosed PCNSL were found to have
systemic lymphoma by staging 18F-FDG whole body PET
scan even when body CT scans and bone marrow biopsies
were negative [35]. Detection of systemic lymphoma at the
time of initial PCNSL diagnosis may play important roles
regarding the origin of the disease and treatment strategies.

Summary

(i) 18F-FDG uptake value in PCNSL is about 2.5 times
higher than that in the normal gray matter, and the
tumor can usually be identified in the brain visually.

(ii) Steroid treatment significantly reduces 18F-FDG
uptake in the tumor and can cause false negative
results of 18F-FDG PET in the diagnosis of PCNSL.

(iii) 18F-FDG PET can differentiate PCNSL from other
malignant brain tumors such as GB and metastatic
brain tumor with high sensitivity.

(iv) 18F-FDG uptake in PCNSL with atypical radiologi-
cal findings such as disseminated or nonenhancing
lesions is not increased sufficiently to detect the tumor
visually compared to the surrounding brain.
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Figure 5: Contrast-enhanced T1-weighted MR (upper) and 18F-FDG PET (lower) images in a patient with PCNSL in the right frontal lobe
before (a) and after (b) the first cycle of chemotherapy. MR images show a well-enhanced large mass lesion in the right frontal lobe, and PET
images show a huge 18F-FDG uptake in the lesion before treatment (a). After the first chemotherapy, MR images show a residual enhanced
lesion in the right frontal lobe; however, PET images show no increased 18F-FDG uptake in the lesion (b).

(v) Conventional body scan with 18F-FDG PET in
patients initially diagnosed as PCNSL is occasionally
useful to detect occult systemic lymphoma.

4. 18F-FDG PET in the Treatment of PCNSL

4.1. Early Treatment Response. PCNSL is one of the most
treatment-responsive malignant tumors in the brain. In
recent years, high-dose MTX-based chemotherapy before
radiotherapy has significantly extended the survival time
compared to conventional chemotherapy with cyclophos-
phamide, adriamycin, vincristine, and prednisone (CHOP)-
based regimens given either before or after radiotherapy [5,
6]. However, it is reported that about 10–35% of tumors are
refractory to the high dose MTX-based regimen, and up to
60% of complete responders show tumor recurrence during
follow-up [36]. Early evaluation of the initial treatment
response is very important because salvage treatment may
improve the outcome and quality of life [37]. Although MR
imaging is the standard method for evaluating the treatment
response in PCNSL [32], few studies have addressed the
question of whether early tumor response, according to MRI
criteria, in patients still under therapy helps to predict the
long-term outcome in PCNSL [38]. In systemic lymphoma

patients, an early quantitative measurement of metabolic
response with 18F-FDG PET was reported to provide more
valuable prognostic information than conventional modali-
ties [39]. Changes in metabolic imaging with 18F-FDG PET
occur soon after the initiation of therapy. Palmedo et al. stud-
ied 8 PCNSL patients with 18F-FDG PET after completion of
chemotherapy or after the first cycle of chemotherapy, and the
results were compared with the follow-up examinations [20].
They showed that 18F-FDG PET was able to predict complete
remission or to diagnose tumor recurrence after chemother-
apy in all patients [20]. Kawai et al. demonstrated that 18F-
FDG PET examined within 3 weeks of the first chemotherapy
showed a significant decrease of 18F-FDGuptake in the tumor
compared with that before treatment [40]. The reduction of
18F-FDG uptake significantly correlated with the decrease of
tumor size on the follow-up MR images [40]. These results
indicate that metabolic imaging with 18F-FDG PET can be
used to accurately evaluate treatment response at a very early
stage, sometimes preceding changes onMRI (Figure 5). Early
therapeutic monitoring might have an impact on deciding
whether the treatment regimen should be maintained or
changed. If patients with a poor early response were iden-
tified, then modification could be taken at an early stage,
beforemanymore cycles of ineffective therapywere delivered.
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Again, caution is necessary in interrupting 18F-FDG PET
images especially after treatment because 18F-FDG uptake in
the tumor is not solely due to tumor cell metabolism but it
also due to uptake in stromal and inflammatory cells [28].

4.2. Prognostic Considerations. A recent study showed that
pretreatment 18F-FDG uptakemay have a prognostic value in
newly diagnosed PCNSL.Theoverall survival time of patients
with low to moderate 18F-FDG uptake (SUVmax < 12) was
significantly longer than that of patients with high 18F-FDG
uptake (SUVmax ≥ 12) [16]. PCNSL with high 18F-FDG
uptake tended to exhibit poor treatment response compared
to that with low to moderate 18F-FDG uptake [16]. The
18F-FDG uptake value may represent tumor aggressiveness
in PCNSL. Further clinical trials are needed to define the
best way to utilize 18F-FDG PET information in designing
true response-adapted therapies and to improve outcome in
patients with PCNSL.

Summary

(i) 18F-FDG PET can be used to evaluate treatment
response of PCNSL at a very early stage after treat-
ment.

(ii) 18F-FDG PET is able to predict complete remission
or to diagnose tumor recurrence of PCNSL after
treatment.

(iii) Pretreatment 18F-FDG uptake may have a prognostic
value in newly diagnosed PCNSL.

5. Conclusions

The application of 18F-FDG PET is currently increasing in
clinical neurooncology. This review summarizes the useful-
ness and limitation of 18F-FDG PET in the diagnosis and
treatment of PCNSL. 18F-FDG PET is very useful in the diag-
nosis of typical PCNSL, usually showing strong uptake of 18F-
FDG in the tumor.The uptake value is about 2.5 times higher
than that in the normal gray matter, and the tumors can be
identified in the brain visually. The 18F-FDG uptake pattern
and value provide useful information to differentiate PCNSL
from other enhancing malignant brain tumors especially GB.
However, the usefulness of 18F-FDG PET is limited in the
diagnosis of PCNSL with atypical radiological findings. 18F-
FDG PET is also useful for evaluating the treatment response
after initial chemotherapy and determining the strategy at a
very early stage. Pretreatment and posttreatment 18F-FDG
uptake values may have a prognostic value in patients with
PCNSL. In a modernmetabolic imaging era, 18F-FDG PET is
useful when differential diagnosis of brain tumors is difficult,
and PCNSL is considered as one of the differential diagnoses,
but 18F-FDGPET is not a perfect tool, and early tumor biopsy
is still necessary especially with atypical radiological findings.
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This study presented the analysis of free-breathing lung tumor motion characteristics using GE 4DCT and Varian RPM systems.
Tumor respiratory movement was found to be associated with GTV size, the superior-inferior tumor location in the lung, and the
attachment degree to rigid structure (e.g., chest wall, vertebrae, or mediastinum), with tumor location being the most important
factor among the other two. Improved outcomes in survival and local control of 43 lung cancer patients were also reported.
Consideration of respiration-induced motion based on 4DCT for lung cancer yields individualized margin and more accurate and
safe target coverage and thus can potentially improve treatment outcome.

1. Introduction

Respiration-induced tumor motion is a significant source of
geometric uncertainty in radiotherapy for thoracicmalignan-
cies [1, 2]. In the era of three-dimensional (3D) conformal
radiotherapy, a tumor is usually imaged at a random time
point by a free-breathing CT and encompassed by a gen-
eralized empirical respiratory-motion margin. However, in
free-breathing CT, a thoracic structure can be distorted due
to the motion, resulting in either lengthening or shortening
of the structure in the motion direction [3]. Because of
such motion artifact, the size, shape, and position of moving
tumor or other organs cannot be depicted accurately. Fur-
thermore, the conventionally used “standard safety margins”
are defined without explicit measurements of the individual
tumor motion [4, 5]. Recent studies show that individual, as
opposed to a standard population-based margin, is essential
for high-precision radiotherapy of lung cancer [2, 6–9].

Adding the fourth dimension, time, to three-dimensional
CT is termed four-dimensional CT (4DCT) [10, 11]. 4DCT
image data provides important spatial and temporal infor-
mation including the entire range of moving targets and
organs during quiet respiration [12] and has been used
to characterize intrafractional respiration mobility and to
determine an individualized tighter margin around the target
[13]. The improved geometric accuracy would increase the
therapeutic gain as it allows escalated dose to the tumor
and/or improved sparing for healthy tissue [9].

Studies on the assessment of lung tumor motion using
different approaches, which ranged from fluoroscopy [14],
to orthogonal portal films [15], dynamic magnetic resonance
imaging (MRI) [16], slow CT [7], breath-hold CT [17], and
4DCT [18–20], have been reported. The tumor motion was
assessed with implanted gold markers in or near tumor [15]
or by the centroid or border of tumor [7, 14, 16–21]. It
was observed that the closer the tumor to the diaphragm,
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the more mobile the tumor was [7, 15, 16, 18–21], because the
respiration was primarily driven by the diaphragm motion.
In vast majority of studies, small solitary tumors showed
largermotions than bigger ones [15, 20], and themagnitude of
tumormotionwas always the greatest in the superior-inferior
(SI) direction [7, 15, 16, 18–21].

The 4DCT is proven to be more effective and objective
for the evaluation of breathing motion. This is still of great
interest for more comprehensive understanding on factors
associated with respiration-induced tumor motion and on
its impact of treatment outcome. The main purpose of this
work is, then, to determining these factors and the impact by
analyzing the respiration motion and outcome data collected
for 4DCT-based radiotherapy in our clinic.

2. Materials and Methods

2.1. Ethics Statement. This retrospective research was con-
ducted according to the principle described in theDeclaration
of Helsinki.The research protocol was reviewed and approved
by Ethical Review Committee of Sun Yat-Sen University
Cancer Center (SYSUCC) (approval number, YP2008032).

2.2. Study Patients. After a review of medical records in our
hospital, we identified 43 patients with 44 lung tumors who
underwent 4DCT scans during quiet respiration between
September 2005 and January 2008. Each patient had at
least one pulmonary lesion with distinct boundary. Tumor
staging was done by contrast-agent CT chest and abdomen,
magnetic resonance imaging (MRI) of the brain, and bone
scintigraphy whereas positron-emission tomography and CT
were not mandatory. All patients who had local and/or
regional disease, received a curative intent radiotherapy with
or without chemotherapy. Karnofsky Performance Status
(KPS) ≥70 and weight loss <5% in half a year were required.
Exclusion criteria included previous thoracic surgery, previ-
ous radiation treatment, clinically significant pleural effusion
limiting delineation of the total extent of the primary tumor,
lobar atelectasis, and an inability to breathe in a reproducible
manner (breath variability was more than 5%). Patients were
excluded from the study in survival analysis section if their
total dose was <60 Gy.

2.3. 4DCT Procedure. At SYSUCC, a 16 slice 4DCT scanner
(GE Lightspeed, GE) with a respiration management system
(RPM, Varian) was used to acquire respiration correlated
CT. Retrospective 4DCT scanning entailed the generation
of multiple slices at each relevant table position, during at
least the length of a full respiration cycle (oversampling).
The acquired data (about 1000 images) were sorted into 10
datasets correlating with 10 phases of the respiratory cycle.
The phase 0% represents the end of inspiration, with the
phase 50% for the end of expiration. The spatial resolution
along the superior-inferior direction was limited by the
2.5mm slice thickness.

2.4. Tumor Delineation and Motion Measurement. The gross
tumor volumes (GTVs) on ten respiratory phases were

delineated using a treatment planning system (Pinnacle3,
version 7.6c, Philips). All GTVs were delineated with an
autosegmentation tool using threshold −750 to 4096Hu first
then manually modified by a single radiation oncologist. All
contours were checked by two other radiation oncologists for
consistency.

The GTV volumes for the ten phases were recorded as
GTV-0%, GTV-20%, . . ., and GTV-90%. The mean GTV
volume was calculated from the average GTVs of ten res-
piratory phases as mean GTV = 1/10 (GTV-0% + GTV-
10% + ⋅ ⋅ ⋅ +GTV-90%). Internal gross tumor volume (IGTV)
was obtained by combining the GTVs in ten phases of the
respiratory cycle, that is, by the union of the 10GTVs.

The centriods of GTVs in ten phases were determined
by the planning system and were used to calculate the mag-
nitudes of motions in three directions termed as dLR, dAP,
and dSI, the distance between the two extreme positions in
left-right (LR), anterior-posterior (AP), and superior-inferior
(SI) direction during the respiratory cycle phases, respec-
tively. The 3D vector was calculated as follows: 3D vector =
√

𝑑LR2 + 𝑑AP2 + 𝑑SI2. Program MATLAB 7.4 (MathWorks)
was used to compute and plot 3D point trajectories.

The CT set at 20% phase was chosen as reference CT to
determine the relative GTV location in the lung.The location
parameter consisted of three directional components, fLR,
fAP, and fSI, corresponding to the relative fractional location
in the lung in LR, AP, and SI directions, respectively. For
example, fSI was the distance between the apex of the lung
and the GTV centroid divided by the distance between the
apex and the diaphragm point passing through the GTV
centroid in the SI direction. For the LR and AP directions,
the same method was applied except that the distance was
defined from the centriod to the carina (for LR) or to the
anterior boundary of the lung (for AP), and the divisor was
defined as ipsilateral lung LR or AP diameter.The attachment
degree to rigid structure (e.g., chest wall, vertebrae, or
mediastinum, which all minimal respiratory motion) was
defined as the ratio of the longest diameter attached to the
rigid structure divided by longest diameter of the tumor in
transversal plane.

2.5. Treatment Planning and Delivery. In the clinic, GTVs
included the primary tumor (GTV-T), positive lymph nodes
(GTV-N) with lymph nodes in the mediastinum with a
short diameter >1 cm, or lymph nodes with positive tumor
cell sampling, or clusters of small lymph nodes of short
diameter <1 cm within 1 region, or 18F-FDG standard uptake
value >2.5 on PET/CT at initial staging. IGTV was obtained
on 4DCT maximal intensity projection or ten phases. For
patients who had squamous cell carcinoma, the clinical target
volume tumor (CTV-T) included IGTV-T with a margin of
0.6 cm. For patients who had adenocarcinoma or histology
not otherwise specified nonsmall cell lung cancer (NSCLC)
or small cell lung cancer (SCLC), the CTV-T was created by
IGTV-T with a margin of 0.8 cm. The clinical target volume
node (CTV-N) included the positive lymph nodes region
only. A 5mm expansion uniformly around the CTV created
the planning target volumes (PTV).



BioMed Research International 3

6–8MV X-rays were used. All NSCLC patients under-
went radiotherapy with conventional fractionation schemes.
Tumors were prescribed as high as possible (not lower
than 60Gy) based on normal tissue dose-volume constraint.
For locally advanced NSCLC (T3-4NxM0 or TxN2-3M0)
patients, concurrent chemotherapy consisted of weekly or
2 cycles of monthly cisplatin and taxane-based regimens.
For limited-stage SCLC patients, thoracic radiotherapy was
administrated with a total dose of 45Gy and at hyper-
fractionated technique of 1.5 Gy/fraction twice daily. The
minimal interval between fractions was 6 hours. Patients
received thoracic radiotherapy within the first 2 cycles of
cisplatin and etoposide (EP). Patients who achieved complete
remission (CR) or partial remission (PR) of tumor after the
completion of chemoradiotherapy (4–6 cycles of EP plus
concurrent thoracic radiotherapy) were offered prophylactic
cranial irradiation (PCI), which was delivered daily to a total
dose of 30Gy over a period of 3 weeks or 25Gy over 2 weeks.

2.6. Followup. After completion of treatment, patients were
reviewed within 4–6 weeks, then every 3 months in the first
2 years, and every 4 months in the third year, every 6 months
thereafter. Physical examination and CT scans of the thorax
and upper abdomen were performed routinely.

2.7. Statistical Analysis. SPSS 13.0 statistical softwarewas used
(SPSS Inc., Chicago, IL). To understand what factors could
be associated with and predictive of tumor motion, logistic
regression (backward stepwise method) was used to test the
relationship between GTV motion and clinical or anatomic
factors, which were either continuous or categoric variables
(e.g., gender, histology, age, GTV volume, tumor location,
and attachment degree to the rigid structure). According
to the results of the statistical analysis and observation of
the GTV motion pattern, we calculated 𝑅2 values to assess
the possible correlation between the GTV centroid 3D vec-
tor motion and the relevant factors. Actuarial overall sur-
vival (OS), cancer-specific survival (CSS), progression-free
survival (PFS), local progression-free survival, and distant
metastasis-free rate were estimated by the Kaplan-Meier
model, and the significances were tested by log-rank. The
time for survival or failure was calculated from the first day
of treatment intervention.

3. Results

3.1. Patient and Treatment Characteristics. Patient character-
istics are listed in Table 1. The median age of the 38 men
and 5 women was 56 years (range: 35–78 years). Twenty-
seven patients had NSCLC (Stage I in 1, II in 1, IIIA in 5,
IIIB in 15, and IV in 5), fifteen had limited-stage SCLC,
and one had nasopharyngeal carcinoma with isolated lung
metastases.Themost common involved lobes were the upper
lobes (36.4% left and 38.6% right). The median GTV was
45 cm3 (range, 0.5–454 cm3), and the median radiation dose
of NSCLC was 62Gy given in 31 fractions (range: 54–70Gy,
2Gy per fraction), one fraction daily. All SCLC patients
received thoracic radiotherapy of 45Gy with 1.5 Gy twice

Table 1: Patient and treatment characteristics of the 43 patients.

Factors Characteristic Number of
cases Percentage

Gender Male 38 88.4%
Female 5 11.6%

Age (years old) Median 56
Range 35–78
NSCLC 27 62.8%

Histology SCLC 15 34.9%
Metastases 1 2.3%

I-II 2 7.4%
Stage of NSCLC
(𝑛 = 27)

IIIA 5 18.5%
IIIB 15 55.6%
IV 5 18.5%

Stage of SCLC
(𝑛 = 15) Limited stage 15 100%

T1 10 23.8%

T status∗ T2 7 16.7%
T3 7 16.7%
T4 18 42.8%
N0-1 5 11.9%

N status∗ N2 16 38.1%
N3 21 50%

Left upper lobe 16 36.4%
Left lower lobe 1 2.3%

Tumor location† Right upper lobe 17 38.6%
Right middle lobe 4 9.1%
Right lower lobe 6 13.6%

GTV volume
(cm3)

Median 45
Range 0.5–454

Tumor attachment
status†

Solitary tumor 14 31.8%
Attached tumor 30 68.2%

Median 62

Treatment dose of
NSCLC (Gy) (𝑛 = 27)

Range 54–70
<60 6 22.2%
60–65 13 48.1%
66–70 8 29.6%

Treatment dose of
SCLC (𝑛 = 15) 45 15 100%

Concurrent
chemoradiotherapy∗

NSCLC 24‡ 88.9%
SCLC 15 100%

∗One nasopharyngeal carcinoma patient with isolated lung metastases was
not included in the T or N status calculation.
†One NSCLC patient had two lung lesions.
‡Two early patients received radiation alone. One locally advanced patient
canceled chemotherapy for active tuberculosis.
NSCLC: nonsmall cell lung cancer; SCLC: small cell lung cancer; GTV: gross
tumor volume.

a day in 30 fractions. Most patients (39, or 82.9%) had
received concurrent chemotherapy (CCRT), and the most
common concurrent chemotherapy regimen was paclitaxel
(45–50mg/m2 weekly).
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(a) (b)

Figure 1: The 3D point trajectories of GTV centroid. Green plots represent the movement of tumor center of mass is more than 5mm in
any directions (10/44), yellow points mean whose movement is less than 3mm in three directions (27/44), and red plots represent whose is
movement between 3–5mm (7/44). (a) anterior-posterior view; (b) lateral view.

Table 2: Relationship of GTV centroid 3D vector with clinical and
anatomic factors by logistic regression.

Clinical and anatomic factors 𝑃 value
Gender 0.198
Age 0.095
Histology 0.114
fLR 0.073
fAP 0.111
fSI 0.001
GTV volume (cm3) 0.046
Attachment degree to rigid structure 0.008
Logistic regression suggested that the tumor centriod 3D vector was
associated withGTV volume, fSI (the superior-inferior tumor location in the
lung) and the attachment degree to rigid structure (e.g., chest wall, vertebrae,
or mediastinum).
NSCLC: nonsmall cell lung cancer; SCLC: small cell lung cancer; fLR, fAP,
fSI: fractional left-right, anterior-posterior, and superior-inferior location,
respectively; GTV: gross tumor volume; attachment degree to rigid structure:
the ratio of the longest diameter attached to the rigid structure divided by
longest diameter of the tumor in transversal plane.

3.2. GTVCentroidMovement. GTV centroidmotion exceed-
ing 5mm was seen in 10 of 43 patients (23%), while 61% of
lung tumors moving less than 3mm (Figure 1). Maximum
magnitude of the tumor centroid of 5.3mm, 5.2mm, and
14.4mmwas observed in the LR, AP, and SI direction, respec-
tively. Averaged over all patients, the means and 1SD of the
LR, AP, and SI motion were 1.2± 0.9mm, 1.6± 1.1mm, and
2.9± 3.4mm, respectively. The maximum expected motion
with a 95% percentile about the centroid of GTV for LR,
AP, and SI direction was 2.6mm, 4.8mm, and 13.05mm,
respectively.

Analysis of all data revealed that the variations in GTV
centroid 3D vector movement was associated with GTV
size, the SI tumor location in the lung, and the attachment
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Figure 2: Relationship between vector and fSI, filtered out attach-
ment degree to rigid structure >0.6, 𝑦 = 13.288𝑥− 1.582 𝑅2 = 0.603
Abbreviation: fSI: fractional superior-inferior location; 3D vector =
√

𝑑LR2 + 𝑑AP2 + 𝑑SI2.

degree to a rigid structure, such as chest wall, vertebrae, or
mediastinum (Table 2). Nonlinear relationship was observed
between vector displacement andGTVvolume or length, and
so was the attachment degree to rigid structure. There was a
weak positive correlation between centroid vector mobility
and fSI, implying that patients with lower lesion disease
tend to exhibit larger tumor movements. Excluding the cases
with attachment degree more than 0.6, the correlation would
enhance with a correlation coefficient (𝑅) from 0.418 to 0.603
(Figure 2).

The peripheral lung tumor located near the diaphragm
showed the greatest degree of motion, followed by upper-
lobe posterior-segment solitary tumors. Detailed character-
istics of high-mobility tumors are summarized in Table 3.
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Table 3: The characteristics of high-mobility tumors (movement more than 5mm).

Case Tumor location GTV (cm3) Longest
diameter (cm)

Attachment
degree fAP fSI dLR

(mm)
dAP
(mm)

dSI
(mm)

Vector
(mm)

A RUL (apicoposterior
segmental) 24.9 4.6 0.5 0.56 0.37 0.8 1 5.1 5.3

B RUL (posterior basal
segmental) 31.6 5.9 0.47 0.68 0.47 2.5 2.3 5.8 6.7

C RUL (posterior basal
segmental) 2.2 1.6 0 0.46 0.54 1.4 1 5.2 5.5

D RUL (posterior basal
segmental) 2.4 1.9 0 0.61 0.57 0.7 1.9 6.3 6.6

E RLL (lateral posterior
basal segmental) 165.3 6.2 0.92 0.78 0.82 2.5 2.1 5.1 6.1

F RLL (dorsal segmental) 0.55 1.2 0 0.76 0.51 1.4 2 6 6.5
G LLL (lingular bronchus) 12.5 2.9 0 0.42 0.74 2.6 5.2 11.7 13.1

H RLL (anteriorbasal
segmental) 2.2 1.4 Attach to

diaphragm 0.12 0.9 5.3 1.7 5.6 7.9

I LLL (lateral posterior
basal segmental) 59.6 4.9 Attach to

diaphragm 0.83 0.89 1.3 1.3 13.5 14

J RLL (lateral basal
segmental) 17.0 3.7 Attach to

diaphragm 0.58 0.92 1.9 4.9 14.4 15.3

GTV: gross tumor volume; RUL: right upper lobe; RLL: right lower lobe; LLL: left lower lobe; fAP, fSI: fractional anterior-posterior, superior-inferior location,
respectively; dLR, dAP, and dSI: the magnitude of motion in lateral, anterior-posterior (AP), and superior-inferior (SI) direction of ten respiratory phases,
respectively.

Table 4: GTV centriod movement by different positional and attachment status.

Tumor location Magnitude of solitary tumor (mean ± SD mm) 𝑛 = 14 Magnitude of attached tumor (mean ± SD mm) 𝑛 = 30
𝑛 Later AP SI 𝑛 Later AP SI

Upper level 9 0.9 ± 0.3 1.5 ± 1.2 2.3 ± 2.2 20 0.9 ± 0.5 1.2 ± 0.7 1.5 ± 1.7
Middle level 1 2.6 5.2 11.7 7 1.5 ± 0.7 2.1 ± 0.9 2.2 ± 1.3
Lower level 4∗ 2.5 ± 1.9 2.7 ± 1.5 10 ± 4.8 3 1.5 ± 0.9 1.5 ± 0.7 3.0 ± 1.9
∗This value included 3 cases whose lesions attached to diaphragm.
Upper level included right upper lobe, anterior, and apicoposterior segment in left upper lobe. Middle level included right middle lobe and lingular bronchus
in left lobe. Lower level included left and right lower lobes.
SD: standard deviation; AP: anterior-posterior direction, and SI: superior-inferior direction.

The dominant displacement was in SI and/or AP directions.
The rotational motions of lower lobe tumors were observed.
Table 4 showed themagnitude ofGTV centroidmobility with
different positional and attachment status.

The more attached to the rigid structure, the less mobile
of tumor was. For those tumors located to the mediastinum,
movement in AP direction was a major contributor to the
GTVmotion, with themagnitude less than 3.5, 4, and 3.5mm
in LR, AP, and SI direction. These movements were probably
associated with cardiac contraction and/or aortic pulsation.

In all 20 patients with an attachment degree to rigid
structure of being more than 0.6, the magnitude was small,
with 1.0± 0.6, 1.5± 0.9, and 1.5± 1.5mm in the LR, AP, and
SI directions, respectively. For this tumor group, there were 2
outliers with largemotion in SI direction, with themagnitude
of 5.1mm and 4.5mm. One located in lower lobe, the other
in upper lobe but posterior segment. When filtered out the
outliers, maximummovement observed in the LR, AP, and SI
directions were 2mm, 3.7mm, and 2.8mm.

For big tumor (GTV≥45cm3) located upper 1/3 andmid-
dle 1/3, the magnitude in AP direction was dominant. For
small tumor (GTV<45cm3), the largest motion was in SI
direction.

3.3. Survival. Up to February 2013, the median follow-up
duration was 32.6 months (range, 1.9–89.8 months) in all
patients; 80.4 months (range: 65.6–89.8 months) in the
survivors: and 20.6 months (range: 3.0–75.0 months) in
patients who had died. Four NSCLC patients (Stage I in 1,
IIIB in 2, and IV in 1) and four limited-stage SCLC patients
are alive and free of disease. One SCLC patients is alive
with local disease recurrence underwent salvage treatment.
Twelve patients have died of distant metastases (NSCLC
in 8, SCLC in 4). Eight patients have died of locoregional
progression inside the thorax and metastases both (NSCLC
in 5, SCLC in 3). One SCLC patient died of local progression
inside the radiation field. Two NSCLC patients have died of
treatment-related toxicity. One NSCLC patient has died with
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the metastases for secondary cancer in rectum. Two patients
have died as a result of other medical conditions, one for the
cause of sputum jams and other for severe pneumonia. For
NSCLC subgroup (Stage IIIA in 15 and IIIB in 5), the median
survival time was 41.6 months. At 1-, 3- and 5-year actuarial
survival was 75%, 55%, and 36.7%, whereas SCLC patients
(limited-stage in 15) have a 1-, 3, and 5-year survival of 73.3%,
52.5%, and 37.5%, respectively, with the median survival time
of 47.6 month (Figure 3(a)). One advanced NSCLC patient
with cervical lymph node metastases who accepted definitive
chemoradiotherapy has an overall survival time without
progress of 89.8 months by the time of followup. At 1, 3, and
5 years, cancer-specific survival was 84.4%, 58.1%, 37.6% for
Stage III NSCLC and 73.3%, 52.5%, and 45% for limited-stage
SCLC, respectively.

3.4. Patterns of Treatment Failure. The median progression-
free survival time was 17.1 months for NSCLC group and
34.4 months for SCLC group; 1, 3-year progression-free
survival were 62.7% versus 60% and 28.5% versus 45.7% for
NSCLC group and SCLC group (Figure 3(b)). Actuarial local
progression-free survival at 1 and 3 years was 93.8% and
67% for NSCLC group and 79% and 60.2% for SCLC group,
respectively (Figure 4(a)). The 1-, 3- and 5-year metastasis-
free survival rate was 62.7%, 34.2%, and 27.4% forNSCLC and
66.7%, 57.1%, and 47.6% for SCLC, respectively (Figure 4(b)).

Of the 25 patients who experienced treatment failure
or died, 4 patients (NSCLC in 1, SCLC in 3) developed
local and/or regional tumor progression without distant
metastases; 14 patients (NSCLC in 10, SCLC in 4) developed
metastatic disease without locoregional progression; and 7
patients (NSCLC in 4, SCLC in 3) showed concurrent tho-
racic and distant metastatic progression during the follow-up
phase.

4. Discussion

The reliability of motion results in this work was dependent
on two factors, regularity in patient breathing and consistency
in GTV delineation. Data from both phantoms and clinical
practice demonstrated that respiratory regularity was of most
importance to reducemotion artifacts during 4DCT scan [22,
23]. In our research, all patients underwent breathing training
and those with breathing variability >5% were eliminated
from the study. Delineation uncertainty certainly existed
[24]. In order to minimize factitious factors during the
delineation of GTV, we used an auto-segmentation tool with
a fixed threshold and a selected window width and level. So-
obtained GTVs were manually modified by a single radiation
oncologist to reduce interobserver variability [25]. Before
analysis, all contours were inspected independently by two
radiation oncologists to ensure high contouring consistency.

It was found that tumor centroids vector movement was
associated with GTV size, the SI tumor location (fSI), and the
attachment degree to rigid structure.This result was intuitive
but contrasted to the studies by Stevens et al. [6] and van
Sörnsen et al.[7] in the early 2000s. Both studies reported
that lung tumor motion was independent and cannot be

predicted by any factors. Possible cause of this discrepancy
included limited number of cases (the former in 22, the latter
in 29), and different assessment approaches were used (the
former used orthogonal radiographs; the latter was based on
slow-CT images). In another study of 166 lung tumors based
on 4DCT, Liu et al. [19] reported a significant correlation
between tumor motion and diaphragmmotion, the SI tumor
location in the lung, GTV size, and disease T stage. But
the related factors were not independent variables required
questionable. For example, T stage sometimes included the
surgery difficulty information caused by GTV size or tumor
location. In the present study, our analysis revealed there was
a weak positive correlation between tumor motion and the
SI tumor location, but the relationship of tumor motion and
GTV size or attachment status was not linear. We inferred
it was because the related factors possibly had a so-call
“interaction effect” and could influence each other, though
they were looked at independently in our study.

Similar to the previously published studies [18, 19], besi-
des tumors located in lower lobe, tumors in posterior side
of the lung exhibited greater mobility only ranking second.
The reasonMaxim et al. [18] implied was that the lower lobes
occupied a large proportion of the posterior thorax. Liu et al.
[19] inferred that the diaphragm can exhibit a large degree
of rotational movement. And another possibility appear to
be that the diaphragm motion in posterior side was more
moveable than that in anterior side; even upper lobe could
be affected. No significant correlation was observed between
centriod vector and the location in AP direction, both in our
and published studies. It might partly due to small sample
size.

Of the three related factors, tumor location probably
weighted more than GTV size and attachment degree to
rigid structure. This is supported by our original findings as
follows. Firstly, the peripheral lung tumors located near the
diaphragm showed the greatest degree of motion, followed
by upper-lobe posterior-segment solitary tumors. Even in the
tumors with an attachment degree to rigid structure of more
than 0.6, which estimated very small magnitude, still can be
seen cases in these two locationmovedmore than 5mm. Sec-
ondly, when excluding all the cases with attachment degree
more than 0.6, the linear correlation between centroid vector
mobility and fSI would enhance, regardless of tumor size.
Thirdly, regardless of tumor attachment status, for big tumors
(volume ≥45 cm3) located upper 1/3 andmiddle 1/3 and those
close to the mediastinum, magnitude in AP direction was
dominant. Those results indicated that more consideration
should focus on tumor location when determining internal
margin for target mobility.

Compared with our study, Liu et al. [19] reported a higher
incidence of large GTV displacements in 166 lung tumors.
For 95% tumors, the magnitude of motion was less than
13.4mm, 4mm, and 5.9mm in SI, LR and AP directions,
respectively. In our study, the corresponding values were
13.05mm, 2.6mm, and 4.8mm. In their study the propor-
tions of tumors thatmoved>5mm in SI, LR, andAPdirection
were 39.2%, 1.8%, and 5.4%, respectively. In our study, the
corresponding percentages were 22.7%, 2.3%, and 2.3%. Two
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Figure 3: Overall survival (a) and progression-free survival curves (b) of local advanced NSCLC and limited-stage SCLC.
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possible reasons for the slight discrepancy were the less
distribution of tumor located in middle or lower lobe (25%)
and the high proportion tumors attached to rigid structure
(68.2%) in our study.

4DCT simulation can provide benefits in selected
patients. Similar to that reported by Rietzel et al. [4]; the
use of 4DCT resulted in significantly smaller and safe PTV
margins than those derived using conventional 3DCT scans
and the “standard” margin. It will be of clinical significance
when administrating a dose to a bulky tumor, especially those
limited by pulmonary or spinal toxicity without 4DCT. The
smaller PTVs with 4DCT would result in less normal tissue
irradiated with higher dose, thus, transforming a palliative
intent to a curative one with toxicity at tolerable level. On
the other hand, modern high-precision radiation delivery
requires accurate knowledge for issues such as internal
motion and setup. For example, the use of individualizedPTV
margins based on 4DCTwould be essential for hypofraction-
ated or stereotactic radiotherapy, as pointed out by Keall et al.
[11].

The predominant cause of deaths for lung cancer is
believed to be distant metastases and local recurrence. Local
failure remains a major challenge when treating lung cancer
with radiotherapy, as high as 30%–50% recurrence rate at 5
years in NSCLC [26] and 36%–52% in SCLC [27]. Animal
experiments and clinical data in lung cancers indicated
that improvements in local control would decrease distant
metastases, as a part of the distant metastases was derived
from local recurrences of the cancer [28].

In this work, we observed unexpected and promising
local control and survival rate with the use of 4DCT for
both NSCLC and SCLC. The 5-year overall survival rates
of 36.7% for NSCLC and 37.5% for SCLC were encouraging
undoubtedly, as compared to the 5-year overall survival rate
of around 20% from conventional treatments for locally
advanced NSCLC and limited-stage SCLC as reported in the
literature and in our own clinical experience [27, 29].Though
the statistical power of this result is not strong enough to
draw a firm conclusion, the positive effect of 4DCT result
in accurate and safe target coverage should be given enough
attention. It has the potential to improve treatment outcome.
It is also believed that the geometric precision is only one of
the key factors of the gain in survival and local control, but
never the only one. Several other factors may contribute to
clinical outcome in this study. (1) All patients with curative
intent belonged to the “favorable group” (KPS ≥70, weight
loss <5% in half a year). (2) The CCRT for locally advanced
NSCLC and EP chemotherapy plus thoracic radiotherapy
for limited-stage SCLC were the principle part of treatment.
According to the recentlymeta-analyses [29], the CCRT itself
can decrease locoregional progression and improve overall
survival in NSCLC. (3) The start of thoracic radiotherapy in
the limited-stage SCLC patients was all within 2 cycles of
chemotherapy in our study, which was proved to be favorable
in survival than the late start of radiotherapy [30].

Liao et al. [31] reported 91 NSCLC patients underwent
CCRT with 4DCT/IMRT. The median survival times were
16.8 months for the 4DCT/IMRT group. From the survival
curve, 1-year free of local-regional progression was about

87%, 1-year free of distant metastase was about 60%, and 1-
year overall survival was about 70%, which were in good
accordance with our study. To our knowledge, there is no
study reporting survival benefit with using 4DCT for SCLC.

Although with the use of 4DCT, we can safely reduce
the margin to account for intrafractional respiration motion,
other components contributing to PTV margin, such as
interfractional variations, set-up margin, need to be consid-
ered. While every effort was made to keep breath regular
and ensure target delineation accurate, some artifacts and
inconsistency were hard to eliminate. The limited number of
cases analyzed is the major drawback of the current study.
Our ongoing research is to increase number of the cases and
to update the results in the future.

5. Conclusion

The 4DCT data in this work indicate that the peripheral lung
tumors located near the diaphragm show the greatest degree
of respiration motion, followed by upper-lobe posterior-
segment solitary tumors. Tumor respiration motion was
found to be associated with tumor location, volume, and
attachment to rigid structures, with tumor location being the
most important factor among the other two.The use of 4DCT
resulted in the use of individualized margin to account for
patient-specific breathing motion, improving the accuracy
for tumor targeting during radiotherapy.This may contribute
to the improved local control and overall survival as observed
presently for both NSCLC and SCLC.
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Purpose. Despite the latest technological advances in radiotherapy, cancer control is still challenging for several tumour sites. The
survival rates for themost deadly cancers, such as ovarian and pancreatic, have not changed over the last decades.The solution to the
problem lies in the change of focus: from local treatment to systemic therapy. The aim of this paper is to present the current status
as well as the gaps in radiotherapy and, at the same time, to look into potential solutions to improve cancer control and survival.
Methods. The currently available advanced radiotherapy treatment techniques have been analysed and their cost-effectiveness
discussed. The problem of systemic disease management was specifically targeted. Results. Clinical studies show limited benefit
in cancer control from hadron therapy. However, targeted therapies together with molecular imaging could improve treatment
outcome for several tumour sites while controlling the systemic disease. Conclusion. The advances in photon therapy continue to
be competitive with the muchmore expensive hadron therapy. To justify the cost effectiveness of proton/heavy ion therapy, there is
a need for phase III randomised clinical trials. Furthermore, the success of systemic disease management lies in the fusion between
radiation oncology technology and microbiology.

1. Introduction

The AACR Cancer Progress Report (2011) shows that, in the
USA from 1990 to 2007, death rates from all cancers dropped
22% in men and 14% in women. More than 68% of adults live
five years ormore after diagnosis, up from 50% in 1975. For all
pediatric cancers, the five-year survival rate is 80%, compared
with 52% in 1975. However, the poor survival rates from the
most deadly cancers: pancreatic, ovarian, and glioblastoma
multiforme (GBM) have not changed to this date.

Keyhole and robotic surgery are major developments in
the surgical management of cancer. Patients suffer reduced
hospitalisation, but have concomitant costs decreased?
Patient quality of life has undoubtedly improved, but are
patients living longer?

Pediatric leukaemia is no longer a death sentence and
testicular cancer responds well to cisplatin therapy. But
most chemotherapy applications are palliative in intent and

associated with complications and reduction in the quality of
life.

External beam radiotherapy has developed over 100 years
from low energy X-rays, through Cobalt-60 gamma rays
to linear accelerators producing ever-increasing photon and
electron energies. Nowadays, external photon beams can be
delivered to precise, irregular targets via many modalities:
three-dimensional conformal (3DCRT), intensity modulated
(IMRT), and image-guided (IGRT) radiotherapies. As excel-
lent as these modalities are, they are directed not so much
to the cancers that cannot be controlled but to those that
can be. As such, the local control and survival achieved
with these technologies do not correlate with the increasing
cost of external beam radiotherapy (EBRT) (Figure 1). Still,
advances in photon radiotherapy continue to be competitive
with themuchmore expensive high energy proton and heavy
ion therapy, used for their exceptional advantage in sparing
critical tissues.
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Figure 1: Cost-benefit diagram of current radiotherapy modalities.

On the imaging side, the development of computed
tomography (CT), single photon emission tomography
(SPECT), positron emission tomography (PET), magnetic
resonance imaging (MRI), and functional MRI (fMRI) has
been of immense importance in developing our ability to
see into our bodies and examine function. Tumours can
be identified down to a few mm in diameter with MRI
and to 4-5mm for functional images with PET. Current in
vivo imaging techniques continue to resolve smaller and
smaller tumours but can never resolve subclinical disease,
by definition, nor tell us where micrometastases lie (see
Figure 2).

Without doubt, the oncologist’s job of managing cancer
has been made much easier and more certain, but has
this translated into improved prognoses for cancer patients?
The evidence presented by the AACR suggests that the
answer is in the affirmative, although early detection may
be responsible for much of the improvement. External beam
radiotherapy has improved markedly in terms of targeting
well-defined volumes and achieving local control but can
never eliminate systemic disease.

The “war on cancer” analogy is often used. But like the
21st century wars, the apparent initial success is masked
by the long-term failure to control systemic disease. Few
primary cancers are fatal, GBM being the standout, and
it is not the primary tumour that determines outcome. It
is the cancer cells released from the tumour that invade
the vascular and lymphatic systems that eventually lead to
multiple metastases and organ failure as normal functional
tissues are crowded out by the ever populating cancer cells.
Therefore, disseminated disease is the primary cause of
cancer death. Yet this objective has been overlooked during
the development of modern radiotherapy techniques that are
focused on external beam radiotherapy.

On top of this is the rapidly developing cost of the
management of cancer. Cancer causes the highest economic
loss of all of the 15 leading causes of death worldwide. The
World Health Organisation (WHO) note that the economic
toll from cancer is nearly 20 percent higher than heart
disease, the second leading cause of economic loss ($895
billion and $753 billion, resp.). Health budgets in developed
countries are continually expanding and constrained by

limited resources. But cost-benefit analyses to determine
whether the increased cost of treatment achieves improved
outcomes remain unknown. Perhaps the classic example is
in the treatment of primary prostate cancer where surgery,
brachytherapy, external beam photon, and proton therapies
are used, all achieving similar efficacy and complications but
at very different capital and running costs.

The developed nations’ investment in cancer research has
been growing exponentially, and the 2012 budget for the US
National Cancer Institute alone will be totalling nearly 6
billion US dollars [1, 2].

For rural populations, cancer is often diagnosed at the
symptomatic stage. Palliative therapy is the only course
to reduce pain and increase quality of life. As a result,
there is a need to provide low cost technologies appropriate
for the objective of palliation. Because of the continuing
shortage of trained oncologists, medical physicists, and other
professionals, telemedicine must be an essential element in
the development of radiotherapy care in rural regions.

We are therefore confronted with two distinct challenges:
(1) to manage and control systemic cancer,
(2) to provide cost-effective technologies.

2. Current Status and Gaps

2.1. External Beam Radiotherapy and Intensity Modulated
Radiation Therapy. EBRT and IMRT are the current stan-
dards of care for radiation oncology patients. IMRT is
known to be a highly conformal treatment, involving reduced
treatment margins which results in improved tumour control
and reduced normal tissue toxicity. However, the ability to
deposit a high dose into well-defined tumours is not always
desired, as too precise targeting can lead to increased local
recurrences. The biology of the tumour must determine the
clinical tumour volume (CTV) margin, not the resolution of
beam delivery. If the CTV margin cannot be fully imaged,
then this becomes themost difficultmargin to be determined.
The decision is typically based on clinical assessment of
risk, on local clinical practice, and on historical evidence
rather than the tumour spread quantified in an individual
patient. Often a uniform CTV margin is used regardless of
potential anisotropy in the microscopic tumour spread. The
extent of the CTV margin depends on information received
from imaging techniques. Such accurate, individualised CTV
determinations represent one of the problemswhere develop-
ments in diagnostic imaging (molecular imaging techniques
in particular) will improve radiotherapy treatment [3].

Other factors include problems with treatment times and
dose gradients. IMRT increases the volume of normal tissue
exposed to a low dose. However, what might have been
thought to be a negative factor could be positive, in view of
hormesis effects.

2.2. Hadron Therapy. Protons offer greatly improved and
precise dose deposition and as a result lower normal tissue
doses. But does proton therapy always give superior efficacy,
reduced complications, improved prognosis, and lower cost
therapy?While there are unique applications of proton beams
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that give reduced adverse events, especially for pediatric
cancers [4, 5], the answer appears to be negative. Prostate
cancer is a major application for proton machines. But
prognosis for prostate cancer is mostly set not by the primary
therapy but by the initial stage of the disease on diagnosis
[6, 7]. As such, low risk patients with PSA < 10 and Gleason
6 are very unlikely to succumb to the disease and will not be
in need of radical therapies.

Uveal melanoma (an extremely low incidence cancer)
was a long-standing application for proton therapy. However,
on the basis of an intralesional skin melanoma trial of
targeted alpha therapy [8], there is every reason to think that
intralesional injection into the uveal melanoma will not only
save the eye but could well eliminate the micrometastases
arising from the primary site that lead to patient death within
5–10 years.

There is increasing evidence that improved control of
the primary lesion, arising from the new modalities for
protons and heavy ion (C-12) beams, translates into improved
survival [9, 10]. However, care must be taken to distinguish
between survival and progression-free endpoints, which are
not necessarily correlated.

2.3. Cost Benefit of Proton, Heavy Ion, and Photon Therapy.
The major advantage of IMRT is its low capital and running
costs. While patient charges are not so much of an issue
for a well-insured patient, there is a major health issue
relating to the availability of radiotherapy to cancer patients.
Does western society need many more IMRT units or one
proton therapy facility only? Also, is proton therapy cost-
effective and is there evidence in clinical trials supporting
clinical gains of proton therapy versus conventional therapy?
If the current evidence-basedmedicine standards are used for
determination of clinical efficacy of proton therapy, it must be
concluded that the evidence is limited and mostly based on
noncontrolled studies. A Phase III clinical randomised trial
has not been conducted for proton therapy.

Several studies have been though conducted trying to
identify the cost-benefit of proton therapy and the type of
cancer patients that might benefit from proton therapy [11,
12]. Several investigations concluded that for approximately
15% of cancer patients treated with radiation therapy, proton
therapy might be cost-effective. According to Glimelius and
Montelius, “This means that one proton therapy facility
being able to yearly treat a reasonable number of patients
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(1000–2000) is motivated for a western world population
of about 10 millions. The same estimations for light ions,
however, much more uncertain, came to an estimate of 50
millions” [13].

Lodge et al. [14] conducted a systematic literature review
(comprising, 54 publications: 4 randomized controlled trials
reported in 5 publications, 5 comparative studies, and 44 case
series) on the efficacy of hadron therapy (therapies including
protons, neutrons, and light and heavy ions), concentrating
on external beam techniques. They found that there is
insufficient clinical evidence available to justify the rapid
expansion of hadron facilities as a major treatment modality
and recommended that further research into the clinical
and cost-effectiveness of hadron therapies was required. The
authors concluded, “the current literature shows that the
introduction, or significant extension, of hadron therapy as
a major treatment modality—except on aminor scale for cer-
tain rare tumours (ocular, chordomas, etc.)—into standard
clinical patient care cannot be supported by the evidence
base currently available. There are little reliable evidence-
based data available concerning the relative cost-effectiveness
of hadron therapy interventions when compared with each
other, with photon therapy, or with other cancer treatments.”

2.4. Targeted Therapy. Although not a standard of care in
radiation oncology, targeted therapies are emerging treat-
ment techniques with the ability to control systemic disease.
With advances in immunology and the development of
exquisite targeting vectors, we can now engage in targeted
imaging and therapy using the alpha, beta, and gamma
rays emitted from radioisotope labels. However, the use of
radioisotope therapy, apart from the thyroid and palliative
therapy for bone cancer, has had limited effect on survival.
Beta emitters have limited efficacy in the control of cancer,
although new radioisotopes are finding niche applications
with various targeting agents.Muchmore successful has been
the use of gamma ray emitters for imaging with SPECT and
PET.

The next generation of radioimmunotherapymay lie with
alpha-emitting radioisotopes that can selectively kill targeted
cancer cells. The field of targeted alpha therapy is slowly
gatheringmomentum, with some 10 clinical trials completed,
in operation, or at the planning stage around the world. This
fusion of biology andmedical physics suggests that we should
use the term biomedical physics much more than we do.

2.5. Tumour Site-Specific Treatment Challenges. The future
objectives for radiation therapy have to address the failures
of current therapies. Some of the site-specific treatment
challenges encountered by today’s cancer management are
mentioned below.

(i) Primary prostate cancer: there is the need to spare the
nerves and rectum to reduce incontinence, impotence
and rectal perforation.

(ii) Lung cancer: tumours can be regressed but there is the
need to eliminate subclinical metastases.

(iii) Glioblastoma multiforme: it is fatal in the primary
state, we need to improve prognosis by eliminating
subclinical disease in the brain by extravascular deliv-
ery.

(iv) Metastases to the brain: they are invariably a fatal stage
of cancer which requires elimination of subclinical
metastases by vascular delivery.

(v) Uveal melanoma: primary treatment needs to be
integrated with inhibition of lethal liver metastases.

(vi) Advanced head and neck cancer: it has poor outcome
despite the multidisciplinary treatment approach.
Around 80% of head and neck cancer patients over-
express the epidermal growth factor receptor (EGFR)
which is linked to poor prognosis. Targetedmolecular
therapy against EGFR could play a pivotal role as
adjunct therapy.

(vii) Pancreatic cancer: it is fatal in the primary state
due to late detection. There is a need to improve
prognosis by targeted immunotherapy against EGFR.
While patients with mutated EGFR might benefit
from Erlotinib (an EGFR inhibitor), the side effects
limit the efficacy of the drug. Tumour infiltration and
liver failure are ultimately the fatal stage. Another
approach is to use systemic alpha therapy against uPA
and/or MUC1 receptors [15].

(viii) Pretesting for patient radiosensitivity could avoid
overdosing of normal tissue in sensitive patients and
underdosing of the tumour in insensitive patients.

These problems relate to systemic cancer therapy as well as
local therapy. Improved spatial dose resolution is important
for tumours, but it is the ability to kill subclinical cancer cells
that has become the issue. The main problems to be solved
regarding systemic cancer therapy are summarised as follows.

(i) Micrometastases may be in the G0 phase and outside
the cell cycle; as such these cells are insensitive to
chemo- and radiotherapy and are best treated by high
LET radiation.

(ii) Normal tissue radiosensitivity for high LET radiation
needs to be investigated.

(iii) Systemic agents must target cancer cells via the vas-
cular and/or lymphatic systems.The tumour capillary
permeability becomes an important determinant as
to whether the targeting agent can diffuse into the
extravascular space.

(iv) Monitoring of systemic therapy via sequential periph-
eral blood analyses of circulating cancer cells.

(v) Tumour dormancy and factors responsible for inter-
patient variability. The mechanisms behind cancer
dormancy need to be elucidated and therapeutic
targets identified. The state of dormancy needs to be
indicated by biomarkers to predict outcome.
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3. Current Solutions and Their Limitations

Improved treatment efficacy and/or reduced normal tissue
toxicity could arise from simple changes to protocols or to
complex systemic therapies. Advances in hadron therapy, tar-
geted and molecular therapies, and well-designed predictive
assays for both tumour andnormal tissuemight be the answer
to the problems raised above.

3.1. Hadron Therapy

3.1.1. Protons and Heavy Ions. The biophysical and radiobio-
logical properties of heavy ions render them suitable for the
management of complex anatomical structures and radiore-
sistant tumours. For example, unresectable osteosarcomas
are good candidates for proton/carbon ion treatment as the
dose necessary for curative radiotherapy is too large to be
deliverable with photon therapy. Also, these tumours are
often located in close proximity to radiosensitive organs such
as the brain; spinal cord, or pelvis, therefore conventional
treatment is not suitable for their management [16].

The Japanese research group from theResearchCentre for
Charged Particle Therapy National Institute of Radiological
Sciences, Chiba [17–19], have demonstrated the efficiency of
carbon ion radiotherapy on several tumour sites and types
such as locally advanced head and neck tumours; early stage
NSCLC and locally advanced NSCLC; unresectable locally
advanced bone and soft tissue sarcomas; locally advanced
hepatocellular carcinomas; locally advanced prostate carci-
nomas; chordoma and chondrosarcoma of the skull base and
cervical spine; malignant gliomas and oesophageal cancer.

While protons do not offer clinical advantage to certain
tumour sites when compared to photon treatment, for ocular
tumours Lodge et al. concluded that proton therapy results
in approximately 90% eye preservation rates and 50% vision
preservation after 5 years. The clinical superiority of protons
in ocular radiotherapy was particularly demonstrated for
larger tumours and specific locations in the eye, with the
benefit dropping off for smaller lesions (e.g., <4mm).

Table 1 (modified from [14]) provides a summary of
comparative clinical results for proton and ion therapy with
conventional photon therapy. In base of skull chordomas,
both protons and ions appear to provide superior results
to photon therapy. In other central nervous system (CNS)
tumours the results of photons were found to be similar to
those reported for protons and ions.

There were no definitive conclusions on the relative cost-
effectiveness/gains of protons and heavy ions compared to
photons for head and neck cancer, gastrointestinal tumours,
non-small cell lung cancer, sarcomas, cancer of the uterine
cervix, and bladder cancer. Similarly, for the case of the locally
advanced prostate cancer, both photons and protons resulted
in similar therapeutic gains. Furthermore, while effective on
well-localized tumours, hadron therapy is not a solution for
the management of systemic disease.

As of 2010, there are 31 active proton therapy centers, 2
heavy ion facilities, and approximately 12 neutron therapy
centers in operation [20]. There are as many as 22 new,
planned, or proposed proton therapy centers, some of which

are already under construction. In some of these new centers
it is proposed to combine both proton and heavy ion therapy
facilities.

The capital cost of a proton therapy facility is around
$140 million for a large facility with four treatment rooms,
reducing to approximately $50 million for a minimal facility.
The cost per patient treatment is around $20–25,000. Stan-
dard radiotherapy is exceptionally cheap and perhaps should
not be used for comparative purposes. One benchmark
is $50,000 per life-year saved, but it is difficult to show
that proton therapy actually saves lives. Costs for other
therapeutic modalities are surgery ∼$15,000, chemotherapy
∼$30,000, and bone marrow transplant ∼$70,000. However,
these modalities are not associated with high capital costs.

3.1.2. Neutrons. Neutrons have been trialled in the past
for various malignancies due to their high LET proper-
ties. Radioresistant, hypoxic, and/or slowly-growing tumours
were found to be good candidates for neutron therapy.
Although neutrons can be twice as toxic to hypoxic cancer
cells as photons for the same absorbed dose (the oxygen
enhancement ratio of neutrons is around 1.6 compared to
OER = 3 for photons), the supporting experimental evidence
for superior efficiency of neutrons as compared to photons
on hypoxic tumours remains inconclusive. Salivary gland
tumours and radioresistant sarcomas are probably the only
cancers which were shown to benefit from fast neutron
treatment.

Boron neutron capture therapy involving epithermal (for
deep seated tumours) or thermal neutrons (for superficial
tumours) showed promising results for a limited number of
tumour sites such as the brain (glioblastoma multiforme),
melanoma, and head and neck [21–23]. While the high RBE
of epi/thermal neutrons implies a good outcome, the success
of the method depends on the selective uptake of boron
compounds by cancer cells.

In postsurgical glioblastomas the problem arises in the
inability to kill cancer cells as they infiltrate in the hyaluronic
acid flow through the perivascular space in the brain. For
external beam radiotherapy, the therapeutic gain is less
than 1, as radiation damages normal tissue cells more than
the cancer cells. If high LET radiation is used, any gains
from reducing cell cycle effects are lost by delayed radiation
necrosis when quiescent endothelial and other cells undergo
mitotic cell death. A solution to this problem would be to
selectively target theGBMcells and kill themwith short range
cytotoxicity. BNCT had some success with this process, with
a boron-10 compound being taken up by the cancer cells and
activated in situ by an external beam of neutrons. However,
bioavailability could be a limiting factor in controlling the
cancer.

3.2. Targeted Therapies. The next major breakthrough in
cancer management lies in the fundamental biology and
genetics knowledge to address the aforementioned problems
rather than further improvements of physical technology
which can never reach the required resolution.
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Table 1: Comparative clinical results for proton and heavy ion therapy with conventional therapy (modified from [14]).

Tumour site Proton therapy Heavy ion therapy
Studies/Patients Results Studies/Patients Results

Head and neck 2/62 Not conclusive 2/65 Not conclusive
Prostate 3/1751 Similar 4/201 Not conclusive
Eye 10/7708 Superior 2/1343 Similar to protons
Lung 3/156 Not conclusive 3/205 Similar to stereotactic radiotherapy
CNS 10/839 Similar 3/405 Similar to protons
Gastro-intestinal 5/369 Not conclusive 2/73 Not conclusive
Pelvic 3/80 Not conclusive 2/49 Not conclusive

Targeted alpha therapy is a novel high LET therapeutic
approach which incorporates the essential elements for can-
cer therapy: a targeting molecule that fixes to membrane-
bound molecules on the surface of cancer cells, and a
cytotoxic radiation that deposits a large fraction of energy
into the targeted cell.

While alpha therapy is still a work in progress, develop-
ments are being made in translating from preclinical studies
to clinical trials. Alpha therapy is demonstrating efficacy in
leukaemias as well as in glioblastomas, where results from
intracavity administration are very promising, with a 52-
week median survival.The use of peptides for targeting GMB
is also under investigation [24]. However, the promise of
targeted alpha therapy is greatly extended by the development
of tumour antivascular alpha therapy (TAVAT) for solid
tumours [25]. Metastatic melanoma results show surprising
tumour regressions at doses very much below the maximum
tolerated dose and, if further research is successful, could
change the prognosis for end-stage cancers [26].

3.3. Molecular Imaging. Understanding of cancer genetics
and biochemistry will improve with advances in molecular
imaging, combining physics, chemistry, biology, and tech-
nology. In particular, developments in fluorescent imaging
enable us to observe many cellular and subcellular processes
in vivo. In this technique a fluorescent protein is fused
with a cell protein/gene to be investigated. The composite
protein/gene is inserted into the cell of interest. The cell
gene/protein then performs its function while the attached
fluorescent protein identifies the position of the gene within
the cell by emitting fluorescent light [27].

The research into the so-called cell penetrating imaging
probes (i.e., cell penetrating peptides or CPP)made visualiza-
tion of biochemical processes in cells possible.These peptides
can translocate (through the cell membrane) covalently
attached “cargo” (i.e., molecule of interest) into a mammalian
cell without requiring specific receptors.

As for the patient tumour imaging, due to signifi-
cant absorption of fluorescent light this modality can only
be used for very superficial dermatological tumours or
tumours/tissues accessible via endoscopy. Another applica-
tion involves tumour cell illumination during surgery thus
enabling more accurate determination of tumour margins.

The principle of molecular imaging is also applicable
to molecular therapy. A large number of different cargo

molecules have been successfully delivered inside cells using
cell penetrating peptides including proteins, liposomes, and
nanoparticles [28]. Peptides have also been developed whose
uptake into cells is triggered by enzymes typical of tumours
[29]. As a result, theCPPs have potential for targeted/selective
delivery of radioactive, magnetic, nanoparticle agents and
therapeutic drugs into the cancerous tissues.

3.4. Individualized Treatment Planning. Personalized
medicine is the “leitmotiv” of the last decade’s oncology.
Three major advances are emphasized to overtake traditional
patient care in oncology: (1) the development and availability
of drugs which inhibit oncogenetic targets; (2) the
implementation of advanced technologies to allow for
prediction of treatment sensitivity and risk of recurrence;
(3) reclassification of malignant diseases with the aim of
expanding the number of orphan molecular diseases [30].
Yet, treatment differentiation among patients based on
tumour kinetodynamics, metabolism, and radiobiological
characteristics remains minimal.

It is an acknowledged fact that patients with hypoxic
tumours can gain from adjunct treatment with hypoxic
cell sensitizers or dose “painting” to allow for higher dose
deliverywith conformal radiotherapy.However, patients with
tumours which are better oxygenated should not be exposed
to hypoxic cell cytotoxins which inevitably add to the risk
of adverse events without any benefit to tumour control.
Similarly, those patients that present with highly proliferating
tumours were proven to gain from accelerated radiotherapy
and cell cycle-specific chemotherapy, whereas patients having
tumours with slow cell turnover show clinical advantage
when treated with conventionally fractionated radiotherapy
and cycle nonspecific chemotherapy. It is therefore important
to focus on individualized treatment and to develop predic-
tive assays which can reflect the outcome.

Biased and inconclusive clinical trial results due to inad-
equate patient selection have proven the need to consider
radiobiological parameters such as hypoxia, proliferative
ability, radioresistance, and of other epigenetic factors in their
design for more eloquent conclusions. However, predictive
assays trialled over the last two-three decades for oxygena-
tion status, proliferative ability, and intrinsic radioresistance
showed several limitations and they were never implemented
into clinical settings (Table 2). Assays to predict normal tissue
response to radiation will always be easier to understand,
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Table 2: Predictive assays for tumours: past, present, and future.

Primary tumour Systemic disease

Oxygen status Proliferative potential Intrinsic cellular
radiosensitivity Micrometastases tumour dormancy

Past
(i) Electrodes
(ii) Biopsy (vascular density)
(iii) Endogenous markers
(iv) Exogenous markers

(i) Measurement of Tpot, TS, and
LI and correlation with outcome
(ii) Adjustment of treatment
schedule as a function of Tk

(i) Comet assay
(ii) Cell survival curves
(iii) Functional assays

??

Present
(i) Oxygen-specific PET markers
(FMISO, FAZA)
(ii) BOLDMRI

(i) Proliferation-specific PET
markers (FLT)

(i) Functional/genomic
assays

(i) Immunocytochemical and
molecular assays to detect occult
metastatic tumour cells

Future

(i) Oxygen-specific PET markers
with higher specificity (FMISO,
FAZA, FETNIM, and F-EF3,5)
(ii) BOLDMRI

(i) Proliferation-specific PET
markers with higher specificity
(FLT, F-ISO-1)

(i) Functional/genomic
assays

(i) Immunocytochemical and
molecular assays to detect
disseminated and circulating tumour
cells
(ii) Biomarkers to indicate the state of
dormancy

develop, and integrate in patient care than those targeting
the tumour. The challenge to “predict” treatment response
is multifaceted making it difficult to establish one complex
predictive parameter. There is though potential in tumour
parameter-specific radioisotopes used in PET to serve as
predictive assays, especially when used in combination to
provide supplementary metabolic information and diagnos-
tic specificity (such as FDG + FMISO).

Despite the fact that clinical reports strongly suggest the
routine incorporation of functional imaging such as PET/CT
in the management of several malignant sites [31–33], there
are impediments, whether related to the health system or
to physicians’ conventionality, which hinder this chance for
a better outcome. Besides the accurate staging, tumour-
specificity, and predictive ability of PET/CT, employing func-
tional/metabolic imaging techniques, also assists in the early
detection and localization of distant metastases.

However, there are limits to detection set by the tumour
size and its metabolism, such that tumours of a few mm
diameter, which contain millions of cancer cells, remain
subclinical. Further, improved staging improves manage-
ment, but may not impact on final outcome if the therapy
is inadequate. Ultimately, recurrence arises from subclinical
disease.

New tumour-specific assays might be needed to com-
plement the existing ones for a better outcome prediction.
Immunocytochemical and molecular assays for detection of
micrometastases via sequential peripheral blood analyses of
circulating tumour cells could add to the monitoring of sys-
temic therapy and to patients’ prognosis. Studies into tumour
dormancy could answer the question as to why some patients
recur soon after primary treatment and others have dormant
tumours for long after the completion of therapy? The most
commonly accepted explanation for tumour dormancy is the
failure of angiogenic switch activation, a state that maintains
the balance between proliferation and apoptosis [34]. It was

suggested that induction of growth arrest within small groups
of tumour cells (cellular dormancy) and immunosurveillance
(which prevents residual tumour cell expansion) are other
mechanisms behind cancer dormancy [35]. Molecular assays
for tumour recurrence and distant metastases are awaited to
be developed to scrutinize the anti/proangiogenic balance
within the malignant tumour, growth arrest, and adaptive
response to a suboptimal microenvironment [36]. Monitor-
ing disseminated and circulating tumour cells is the first
step towards better diagnosis. However, the large number
of patients that survive with disseminated tumour cells in
the bone marrow indicates the need to identify additional
molecular factors which characterize the microbiology of
disseminated cells [37].

Consequently, the future of targeted cancer treatment to
manage disseminated disease probably lies in the ability to
induce cell kill of dormant tumour population, to reprogram
malignant cells into growth arrest, and to develop biomarkers
to indicate the state of dormancy (rather than informing
about tumour recurrence).

3.4.1. Normal Tissue Radiosensitivity (RS). Variable radiosen-
sitivity of individual patient may explain recurrent cancer as
well as normal tissue damage in external beam radiotherapy.
Radiosensitivity could be a double-edged sword: if patients
range from high to low radiosensitivity, then extreme tissue
response is seen for the former and poor tumour control
in the latter. If the reasonable assumption is made that
all cells in the body, including cancer cells, have the same
genetic RS, then the cancer would be controlled by lower
and safe doses. However, the opposite effect will also be
true. Low RS means that higher but safe doses are needed
to control the cancer. Pretesting of patient RS may need to
be introduced as an important part of the dose planning
strategy.
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3.5. Healthy Tissue Protection. Healthy tissue protection and
reduction of treatment-related side effects are other impor-
tant considerations for the future. Chemotherapy as well as
targeted agents needs to be customized, since the same drug
and dosage can have minimal normal tissue toxicity in one
patient and be lethal to the other. It is suggested that single
nucleotide polymorphism (SNP) is a viable technique to be
used for the prediction of adverse events on an individual
basis and will undergo further research to be clinically
validated [30].

Patients have variable radiosensitivity, such that those
with high values will be overdosed for normal tissue and
those with low values will be underdosed for tumour control.
Adjustment to the intrinsic patient’s radiosensitivity could
be a far more important factor than improved dose delivery
systems. As such, radiosensitivity assays need to be developed
which could become an essential part of the patient workup
before radiotherapy.

More in-depth studies are needed regarding low doses of
radiation and their potential hormetic effect on healthy tissue.
Bystander effects induced by low doses of radiation to healthy
tissue surrounding the target and the consequential adaptive
response to radiation have gained interest and initiated
translational research from basic to preclinical studies. There
is growing evidence suggesting the potential role of low dose
irradiation in clinical settings. Bystander effects are expected
to have an impact on systemically targeted therapies; however
the limitation of existing dosimetric methods to describe
dose-response relationships of various cell lines at low doses
makes it difficult to assess the extent of cellular effects outside
the treated area.

4. Conclusions

The future of radiation oncology technology lies in its fusion
with biology. Otherwise, it is hard to see any major develop-
ments in the near future with respect to new technologies or
even the need formore expensive equipment.The last decades
have seen major advances in cancer imaging and external
beam therapy, and such investments have already paid off
in terms of achieving improved local control. However, they
are not matching the current needs in the management
of cancer. These needs centre on the control of systemic
disease by systemic treatment. Chemotherapy has fallen
short here. The fusion of biological targeting and high LET
radiation may well be our best hope (although there is little
evidence that funding agencies and “peer” reviewers share
that opinion). Therefore, biology-driven clinical trials are
expected to prevail hand in hand with the development of
new targeted agents.

Based on the above-reasoned problems and possible
solutions, the focus of future cancer control andmanagement
should be on the following.

(i) TAT: immunotherapy of cancer cells using high LET,
short range alphas and TAVAT.

(ii) Knowledge of molecular changes in cancer which can
lead to the design of therapies that target proliferation
and survival of cancer cells within a tumour as well

as in the surrounding tumour microenvironment
(i.e., development of genetically informed cancer
medicine).

(iii) The complexity of molecular interactions within and
among cancer cells, and between cancer cells and
normal cells, which will require refinement of multi-
agent treatment approaches against cancer.

(iv) Molecular diagnostics: development of tests that
will determine mutated genes in a patient’s tumour,
tumour expressedmolecules that can be targeted, and
the overall mutational gene expression profiles that
can predict a response to the treatment.

(v) Individualised patient treatments: treatments will
have to be modified depending on the molecular pro-
file of a particular tumour. For each patient the opti-
mal match between the tumour and therapeutic reg-
imen will be identified based on biological/genetical
information.

(vi) Healthy tissue protection with low doses of radiation
by utilizing potential hormesis and bystander effects.

Cancer may be ultimately controlled by genetic antisense
techniques that find and cancel out genetic aberrations with-
out causing any complications. However, this ideal objective
continues to elude us and, in the meantime, we need to apply
less ideal techniques to improve prognosis.

Nevertheless, the majority of the world’s populations are
a long way from curative cancer. Their needs call for a
new paradigm that brings palliative cancer therapy to the
rural populations. The cost-benefit of such centers is readily
apparent. They can also become centers for cancer screening
and ultimately upgraded for curative therapy.
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This prospective randomized study is to evaluate the locoregional failure and its impact on survival by comparing involved field
radiotherapy (IFRT) with elective nodal irradiation (ENI) in combination with concurrent chemotherapy for locally advanced non-
small cell lung cancer. It appears that higher dose could be delivered in IFRT arm than that in ENI arm, and IFRT did not increase
the risk of initially uninvolved or isolated nodal failures. Both a tendency of improved locoregional progression-free survival and
a significant increased overall survival rate are in favor of IFRT arm in this study.

1. Introduction

Nowadays the combined chemoradiotherapy has been estab-
lished as a standard treatment modality for patients with
unresectable locally advanced non-small cell lung cancer
(LA-NSCLC). However, overall survival remains poor with
median survival time 16–20months because of both local and
distant failure [1]. Studies have confirmed that improved local
control and overall survival are associated with dose escala-
tion in patients with LA-NSCLC. But the use of traditional
elective nodal irradiation (ENI) will limit dose escalation
because of pulmonary and esophageal toxicities [2]. So
some investigators used involved-field radiotherapy (IFRT)
in order to accomplish dose escalation [3–5]. However, rare
data from large sample sizes, prospective, randomized studies
were available to support the use of IFRT. Whether IFRT
could replace ENI or not has been a controversial topic

for years [6]. Therefore, we have initiated this prospective
randomized study on IFRT versus ENI in combination with
concurrent chemotherapy for LA-NSCLC since July 2002,
with a primary objective of the locoregional progression and
failure patterns, as well as the impact of failure patterns on
overall survival (OS).

2. Materials and Methods

2.1. General Clinical Data. Inclusion criteria were as follows.
Patients were eligible when histologic or cytologic of NSCLC
verified and stage IIIA or IIIB confirmed radiographically
(according to the 6th AJCC/UICC staging system) with
no pleural effusion (including brain magnetic resonance
imaging, contrast-enhanced chest and abdomen CT, and
bone scintigraphy, while positron-emission tomography was
not mandatory). The patients were aged 18–75 years without
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previous thoracic radiotherapy or chemotherapy. Karnofsky
performance statuswas⩾70 and hadmeasurable or assessable
disease, neutrophilic granulocyte ⩾1.5 × 109/L, hemoglobin
⩾100 g/L, and platelet count ⩾100 × 109/L. Serum creatine
and bilirubin were <1.5 × the upper normal limit (UNL).
Aminotransferase was <2 × UNL. Weight loss was less than
10% within 6 months before diagnosis. Written informed
consent was required from all patients.

Exclusion criteria were as follows. Patients were ineligible
when they had a history of other malignant diseases except
for non-melanomatous skin cancer, carcinoma in situ of
the cervix, or any contraindications for chemoradiotherapy,
malignant pleural, and/or pericardial effusion.

2.2. Interventions. Chemotherapy. Patients were randomized
into IFRT arm or ENI arm. Induction chemotherapy con-
sisted of paclitaxel (175mg/m2 on day 1) and carboplatin
(AUC = 5∼6 on day 1) administered intravenously at 21-day
intervals for 2 cycles. Three to four weeks after induction
chemotherapy, thoracic radiotherapy was administered con-
currently with weekly paclitaxel (40mg/m2) as a radiosen-
sitizer to end radiotherapy [7]. During chemotherapy, 5-
hydroxytryptamine receptor antagonists, dexamethasone,
cimetidine, and diphenhydramine were used prophylacti-
cally. Meanwhile, electrocardio-guardianship was applied.

Radiotherapy. All patients were immobilized in a supine
position on a vacuum bag with both arms above the head;
a contrast-enhanced CT simulation was performed from the
fourth cervical vertebra to the second lumbar vertebra, using
a maximal slice thickness of 5mm. A three-dimensional
treatment planning system of Pinnacle (version 7.0∼8.0)
was applied to the radiotherapy plan. Radiotherapy was
performed with a linear accelerator using 6∼8MV photons.
After induction chemotherapy, patients who did not develop
metastasis continued to receive concurrent chemoradiother-
apy.The targets were contoured in accordance with the Inter-
national Commission on Radiation Units andMeasurements
(ICRU) 50 guidelines. Gross tumor volume (GTV) included
the gross tumor volume-tumor (GTV-T) and gross tumor
volume-node (GTV-N) defined as lymph nodes in the ipsilat-
eral hilum and mediastinum with a short diameter ⩾1 cm, or
lymph nodes with positive tumor cell sampling, or clusters of
small lymphnodes of short diameter<1 cmwithin one region,
or 18F-FDG standard uptake value ⩾2.5 on PET/CT at initial
staging. The lymph node regions originally involved before
induction chemotherapy were included in the radiation fields
for both arms even when the lymph nodes disappeared after
induction chemotherapy. The clinical target volume-tumor
(CTV-T) included the GTV-T with a margin of 0.6 cm or
0.8 cm, depending on squamous cell carcinoma or otherwise
in all patients [8]. For patients who were randomized to
IFRT arm, the clinical target volume-node (CTV-N) included
the prechemotherapy positive lymph nodes with a margin of
0.5 cm and ipsilateral hilum. For patients who were random-
ized to ENI arm, the CTV-N included the ipsilateral hilum,
mediastinum (from the inferior head of the clavicle to 3∼
5 cmbelow the carina), and the bilateral supraclavicular fossa.
CTVs (include CTV-T and CTV-N) were edited according

to the anatomic structure borders. Planning target volumes
(PTV) involved CTVs with amargin of 1.0 cm∼1.5 cm. Under
the condition of V20 (percent volume of bilateral lung
receiving ⩾20Gy) ⩽35% and the maximal dose to spinal cord
⩽50Gy, thoracic irradiation consisted of 2.0Gy once a day for
consecutive 5 days aweek to amaximal tolerable dose in IFRT
arm. In ENI arm, a dose of 40∼46Gy was delivered to the
elective nodal areas. Then an escalated dose was delivered to
GTV to a maximal tolerable dose.

2.3. Follow-Up. Patients took chest X-ray exam every 2 weeks
during irradiation period. After completion of treatment,
patients were reviewed within 4∼6 weeks, then every 3
months in the first 2 years, every 4 months in the third year,
and every 6 months thereafter. Physical examination and CT
scans of the thorax and upper abdomen were performed
routinely.

2.4. Response and Toxicity Criteria. Tumor response was
evaluated with thoracic CT scans after induction chemother-
apy and concurrent chemoradiotherapy were completed,
in accordance with Response Evaluation Criteria in Solid
Tumors Group 1.0 (RECIST1.0). An elective nodal failure
(ENF) was defined as a nodal failure of elective irradiation
region in ENI arm and an uninvolved nodal failure out of
irradiation field in IFRT arm. Involved-field nodal failure
(IFNF) was defined as a nodal failure in the irradiation
region with dose escalation in ENI arm and a nodal failure in
irradiation field in IFRT arm. Locoregional failure included
primary tumor failure, ENF and IFNF. Local progression-
free survival (LPFS) was recorded from the beginning of
induction chemotherapy to the time of primary tumor failure,
ENF or IFNF. During radiotherapy, acute radiation-induced
pneumonitis and esophagitis as well as body weight change
of each patient was recorded, and a complete blood count
was performed at least once a week. Acute hematologic
toxicities and weight loss were classified in accordance with
the National Cancer Institute Common Toxicity Criteria
(CTCAE) version 3.0. Acute and late toxicities of lung and
esophagus were evaluated according to RTOG criteria [9].

2.5. Study Design and Statistical Analysis. This study was
designed as a prospective, randomized trial. The primary
endpoint was locoregional progression.We hypothesized that
the 3-year local control rates for IFRT arm and ENI arm
were 45% and 30%, respectively; sample sizes of 123 in each
group achieved 80% power to detect a risk ratio of 0.65. A
statistical software package SPSS 15.0 (IBM, Somers, New
York) was applied, and the Kaplan-Meier method was used
to estimate survival data. The distribution of survival time
between arms was tested by log-rank method; a Student 𝑡-
test was used for comparison of means. Fisher exact test was
used for comparisons of categorical data. All 𝑃 values were
based on a 2-sided test, and the differences were regarded
as statistically significant when 𝑃 < 0.05. The protocol was
approved by the clinical ethics committee of Sun Yat Sen
University Cancer Center before study activation.
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Table 1: Patient characteristics.

Characteristic
IFRT arm
(𝑛 = 45)

ENI arm
(𝑛 = 54)

P
𝑛 % 𝑛 %

Gender 0.343
Male 37 82.2 48 88.9
Female 8 17.8 6 11.1

Age, y 0.385
Median 56 55.5
Range 27∼71 38∼71

KPS 0.744
80–90 8 17.8 11 20.4
90–100 37 82.2 43 79.6

Weight loss 0.771
<5% 34 75.6 44 81.5
5%–10% 10 22.2 9 16.7
>10% 1 2.2 1 1.9

TNM stage 0.420
IIIA 15 33.3 14 25.9
IIIB 30 66.7 40 74.1

Tumor position 0.363
Central 33 73.3 35 64.8
Peripheral 12 26.7 19 35.2

PET/CT examination 13 28.9 10 18.5 0.224
Histology 0.668

Adenocarcinoma 23 51.1 27 50.0
Squamous cell carcinoma 19 42.2 23 42.6
Adenosquamous carcinoma 1 2.2 0 0.0
Undifferentiated carcinoma 2 4.4 4 7.4

3. Results

3.1. Patient Characteristics. Between July 2002 and June 2011,
a total of consecutive 99 patients with LA-NSCLC were
enrolled onto the study. The characteristics of the 99 eligible
patients were well balanced in 2 arms (Table 1). Eight patients
were ineligible because of distantmetastasis during chemora-
diotherapy and were not included for local control analysis.

3.2. Treatment Results. Forty and 48 patients had completed
radiation plan in IFRT arm and ENI arm, respectively. Eight
patients developed distant metastasis during radiotherapy
received palliative treatment. Of the 3 patients who discontin-
ued radiation plan, one emerged acute left ventricular failure
when irradiated to 40Gy in IFRT arm, one developed severe
acute respiratory syndromes when irradiated to 46Gy, and
one refused treatment because of grade 2 radiation-induced
esophagitis when irradiated to 32Gy in ENI arm. The media
radiation dose were 60Gy (range: 38∼74Gy) and 60Gy
(range: 32∼70Gy) in IFRT arm and ENI arm, respectively.
Thirty-six (87.8%) and 40 (80.0%) patients received dose of
⩾60Gy, respectively (𝑃 = 0.426). More patients in IFRT

arm received ⩾62Gy than those in ENI arm (48.9% versus
25.9%, 𝑃 = 0.018). Rank sum test was used for comparing
dose distribution between the two arms. Dose delivered in
IFRT arm was higher than that in ENI arm. The mean
rank order was 51.84 and 41.21 in IFRT arm and ENI
arm, respectively (𝑃 = 0.042). The average total cycles of
concurrent chemotherapy administered in IFRT arm and
ENI armwere 5.5±1.4 and 5.9±1.1, respectively (𝑃 = 0.168).

3.3. Locoregional Failure, Distant Metastasis, and Survival.
Patients who developed distant metastasis after induction
chemotherapy were not included in analysis for locoregional
but for distant failure. At last follow-up, 14 (34.1%) patients
in IFRT arm and 15 (30%) patients in ENI arm experienced
locoregional failure (𝑃 = 0.673). Among them, 9 (22%) and
12 (24%) encountered primary tumor failure in IFRT arm and
in ENI arm, respectively. ENF in combination with involved-
field nodal failure (IFNF) or primary recurrence was present
in 2 and 3 patients, respectively. Only one patient experienced
isolated-ENF in ENI arm. Twenty-four (53.3%) patients in
IFRT arm and 31 (57.4%) cases in ENI arm experienced
distant metastases.
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Figure 1: Local progression-free survival curves for patients with
IFRT or ENI.The 1-, 2-, and 3-year local tumor progression-free sur-
vival rates in the IFRT arm were 78.1%, 72.6%, and 62.9% compared
with 85.5%, 61.2%, and 56.1%, respectively, in the ENI arm. There
was no statistically significant difference in local progression-free
survival between the two arms (𝑃 = 0.895).

Twenty-five patients remained alive at the time of anal-
ysis, with a median follow-up of 33.6 months in survivors
(4.8 months∼112 months). The median LPFS time was not
available.The 1-, 2-, and 3-year LPFS rates were 78.1%, 72.6%,
and 62.9%, respectively, in IFRT arm, versus 85.5%, 61.2.0%,
and 56.1% in ENI arm (𝑃 = 0.895 by log-rank test) as shown
in Figure 1. The median survival time was 27.8 months in
IFRT arm (95% confidence interval (CI), 18.0∼37.5 months)
and 16.7 months (95% CI, 15.0∼18.4 months) in ENI arm.
The 1-, 2-, and 3-year OS rates were 80.0%, 53.3%, and 36.6%,
respectively, in IFRT arm, versus 70.4%, 34.9%, and 30.3% in
ENI arm (𝑃 = 0.08 by log-rank test) as shown in Figure 2.
The 1-, 2-, and 3-year OS rates were 95.5%, 75.7%, and 46.6%,
respectively, in IFRT arm when radiation dose ⩾62Gy, much
better than that of those patients who received radiation dose
<62Gy in both arms, and that in ENI arm when radiation
dose was greater than or equal to 62Gy (𝑃 = 0.013 by log-
rank test) as shown in Figure 3.

3.4. Toxicity. (i)Acute Toxicities.Hematologic and nonhema-
tologic acute and late toxicities are summarized in Table 2.
Hematologic toxicity wasmild tomoderate in both arms; one
patient developed grade III radiation-induced pneumonitis
in each arm and 1 patient encountered grade IV radiation-
induced pneumonitis in IFRT arm. No severe esophageal
toxicity was observed in two arms. There were no significant
differences in acute nonhematologic toxicities between the
arms.
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Figure 2: Overall survival curves for patients with IFRT or ENI.
The 1-, 2-, and 3-year overall survival rates in the IFRT arm were
80.0%, 53.3%, and 36.6% compared with 70.4%, 34.9%, and 30.3%,
respectively, in the ENI arm. There was no statistically significant
difference in local progression-free survival between the two arms
(𝑃 = 0.08).

(ii) Late Toxicities. Late toxicities of radiotherapy were
mainly mild-to-moderate pulmonary and esophageal injury.
No patients developed grade III∼IV pulmonary injury in
both arms. Late spinal cord toxicity was not observed. Our
study showed no significant differences in toxicity in patients
treated with IFRT or ENI using three-dimensional conformal
radiotherapy (3D-CRT) technique for LA-NSCLC.

4. Discussion

In order to avoid missing the targets, ENI was applied and
relatively decreased the failure rate of mediastinal lymph
nodes in 2-dimensional radiotherapy era. However, with
the advent of three-dimensional conformal radiotherapy
(3D-CRT), ENI considerably increased exposure of normal
tissues, led to significant toxicities, and prevented dose-
escalation. RTOG 9311 [10] was a phase I∼II dose-escalation
study for patients with inoperable NSCLC treated with 3D-
CRT. Elective nodal regions were not intentionally irradiated.
The radiation dose was safely escalated to 77.4Gy when V20
was between 25% and 36% and to 83.8Gy when V20 <25%.
The 2-year locoregional control rate was 50%∼78%.Although
postoperative pathologic upstaging to N2 was reported in
approximately 20% of patients with presurgery diagnosis
as N0/1 [11, 12], micrometastases were detected in 20.4% of
patients with pathologic N0 when immunohistochemical
staining was used [13]. The isolated-ENF rate of 7% was
reported in Stage T1-2N0 M0 NSCLC patients treated with
stereotactic body radiation therapy (SBRT) [14]. Several
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Table 2: Treatment toxicities according to treatment arms.

IFRT arm
(𝑛 = 41)

ENI arm
(𝑛 = 50)

P
𝑛 % 𝑛 %

Acute toxicities
Hematologic toxicity ≥grade 3

Leucopenia 0.384
III 31 75.6 38 76.0
IV 3 7.3 2 4.0

Anemia 0.499
III 1 2.4 0 0.0
IV 1 2.4 0 0.0

Weight loss 0.256
I 8 19.5 4 8.0
II 2 4.9 2 4.0

Pneumonitis 0.385
I-II 23 56.1 22 44.0
III-IV 2 4.8 1 2.0

Esophagitis 0.839
0-I 27 65.9 35 70.0
II 14 34.1 15 30.0

Late toxicities
Pulmonary injury 0.925

I-II 19 46.3 23 46.0
III–V 0 0.0 0 0.0

Esophageal injury 0.142
I-II 3 7.3 4 8.0
III-IV 0 0.0 0 0.0
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Figure 3: Overall survival of patients irradiated at dose of ⩾62Gy
in IFRT arm, much better than that of those patients who received
radiation dose <62Gy in both arms and that when radiation dose
was greater than or equal to 62Gy in ENI arm (𝑃 = 0.013).

studies have reported that the ENF rate was less than 10% in
patients with NSCLC treated with IFRT [3, 5, 15–18].

Fernandes et al. [19] retrospectively analyzed 108 patients
with locally advanced NSCLC treated with 3DCRT and con-
current or sequential chemotherapy.The IFRTgroup received
higher radiation doses than the ENI group (60∼84Gy versus
54∼72Gy, 𝑃 < 0.001). There were no significantly differences
in ENF rate between the 2 groups. To our knowledge, there
are few prospective studies available comparing ENI with
IFRT in patients with LA-NSCLC at present. Only one
randomized trial specifically addressed this issue [20]. In this
trial, 68∼74Gy radiation doses were prescribed for patients in
IFRT arm, while 60∼64Gy for the ENI arm. ENF rate was 7%
and 4% in IFRT arm and ENI arm, respectively (𝑃 = 0.352).
Patients in the IFRT arm achieved better 5-year local control
(LC) rate (51% versus 36%, 𝑃 = 0.032) and better 2-year
survival rate (39.4% versus 25.6%, 𝑃 = 0.048) than those in
the ENI arm.

Because the prescribed dose to IFRT armwas higher than
that to ENI arm, it remained unclear if the better outcome
from IFRT was due to the higher radiation dose or the use
of IFRT in the study above. Therefore, our study is designed
uniquely in that we delivered radiation dose as high as
possible provided that the organs at risk could tolerate. Under
the condition of that V20 was ⩽35% and the maximum dose
to spinal cord was ⩽50Gy, dose delivered between the IFRT
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arm and ENI armwas significantly different. Patients in IFRT
arm received dose of ⩾62Gy which was much more than
that in ENI arm (48.9% versus 25.9%, 𝑃 = 0.018), which
indicated that with IFRT, higher dose could be delivered. It
was the same as the results of many studies on radiation dose
escalation [4, 10, 18, 21].

Sura et al. [22] discovered that when the dose delivered
was <60Gy or ⩾60Gy in NSCLC patients treated with IFRT,
75% patients and 33% patients developed recurrence within
the GTV, respectively (𝑃 < 0.05). Rengan et al. [23] reported
that the 1- and 2-year local failure rates were 27%, 47% and
61%, 76%, respectively, for stage III patients treated with
64Gy or higher, and less than 64Gy (𝑃 = 0.024). Both studies
suggested that administration of higher doses using 3D-CRT
improved local control in NSCLC patients. In our study,
only one patient developed isolated-ENF in ENI arm. Two
patients in IFRT armand 3 in ENI armhadENF accompanied
with IFNF or primary tumor failure. Less patients developed
ENF in IFRT arm than in ENI arm (4.9% versus 8.0%),
which suggests that a decrease in ENF may be achieved
when involved-field control rate increased due to a higher
prescription dose delivered in the IFRT arm.The preliminary
results have showed that the median overall survival in IFRT
arm was longer than that in ENI arm (27.8 months versus
16.7 months). In addition, the overall survival rate of patients
treated with IFRT at dose of ⩾62Gy is significantly higher
than that in both arms at dose of <62Gy and that in the
ENI arm at dose of ⩾62Gy as showed in Figure 3 (𝑃 =
0.013). These results indicate that irradiation dose could be
successfully escalatedwith IFRT and then overall survival rate
is expected to be increased.

However, at the 53rd Annual Meeting of the American
Society of Radiation Oncology, Bradley et al. [24] reported
the result of RTOG 0617 study that the higher radiation dose
of 74Gy could not produce an overall survival benefit com-
pared with 60Gy.These findings are counterintuitive and run
counter to a large body of evidence showing that higher radi-
ation doses lead to better tumor control at numerous sites.
Moreover, the toxicity rates difference was not significant sta-
tistically between the two dose groups. However, there were
17 patients died in the 74-Gy arms and 7 in the 60-Gy arms.
Cox [25] reviewed considerable evidence that supports the
hypothesis that the pulmonary or cardiopulmonary effects of
thoracic radiotherapy can contribute to death and considered
that as the most likely explanation of the findings from the
RTOG0617. Sowe could still presume that if the death-related
toxicities can be restrained in higher dose arms, dose escala-
tion remains produce survival benefit. In our study, dose to
organs at risk was restrained in both arms, so there was no
significant deference in toxicities between the two arms. Even
if the final result of RTOG 0617 study would confirm that
higher radiation dose could not improve survival, delivered
with same dose, irradiation with IFRT could decrease normal
tissues damage due to less normal tissues irradiation exposure
than that with ENI. Then treatment prevalence would be
increased and a survival benefit even to be produced.

In summary, our preliminary results showed that IFRT
did not increase the risk of initially uninvolved or isolated
nodal failures and locoregional failure. Meanwhile, higher

radiation dose could be effectively administered with IFRT,
which is expected to improve overall survival.

The current sample size has notmet the designed require-
ments; caution must be taken when adopting the conclu-
sions. Further investigations are warranted. In addition, CT
scan was used to assess the treatment effect and failure
patterns for all patients. Undetected occult recurrence and
micrometastasis of mediastinal lymph node maybe exist as
the intrinsic limitation of accuracy using CT scan [26].
Nowadays, PET/CT scans are available generally, which is
superior to CT for assessment of stage III NSCLC after
chemoradiation [27]. In future studies, we hope to ideally
incorporate information from PET/CT scans for diagnosis
and assessment.

5. Conclusions

These preliminary results indicated that IFRT did not
increase locoregional failure related to ENF. With IFRT,
higher radiation dose could be administered compared with
ENI and it is expected to improve survival. Further investiga-
tion is warranted.
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