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Deformable registration can improve the accuracy of tumor targeting; however for online applica-
tions, efficiency as well as accuracy is important. A navigator channel technique has been developed
to combine a biomechanical model-based deformable registration algorithm with a population mo-
tion model and patient specific motion information to perform fast deformable registration for
application in image-guided radiation therapy. A respiratory population-based liver motion model
was generated from breath-hold CT data sets of ten patients using a finite element model as a
framework. The population model provides a biomechanical reference template of the average liver
motions, which were found to be �absolute mean�SD� 0.12�0.10, 0.84�0.13, and
1.24�0.18 cm in the left-right �LR�, anterior-posterior �AP�, and superior-inferior �SI� directions,
respectively. The population motion model was then adapted to the specific liver motion of 13
patients based on their exhale and inhale CT images. The patient motion was calculated using a
navigator channel �a narrow region of interest window� on liver boundaries in the images. The
absolute average accuracy of the navigator channel to predict the 1D SI and AP motions of the liver
was less than 0.11, which is less than the out-of-plane image voxel size, 0.25 cm. This 1D infor-
mation was then used to adapt the 4D population motion model in the SI and AP directions to
predict the patient specific liver motion. The absolute average residual error of the navigator
channel technique to adapt the population motion to the patients’ specific motion was verified using
three verification methods: �1� vessel bifurcation, �2� tumor center of mass, and �3� MORFEUS
deformable algorithm. All three verification methods showed statistically similar results where the
technique’s accuracy was approximately on the order of the voxel image sizes. This method has
potential applications in online assessment of motion at the time of treatment to improve image-
guided radiotherapy and monitoring of intrafraction motion. © 2009 American Association of
Physicists in Medicine. �DOI: 10.1118/1.3077923�
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I. INTRODUCTION

Advances in online soft-tissue imaging, including kV fluo-
roscopy, MV CT, MV cone-beam CT �CBCT�, and kV
CBCT enable daily imaging of the target tissue for improved

1–9
tumor targeting. Daily target localization has the potential
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to increase the precision and accuracy of radiation delivery
by reducing the treatment margins. Reducing treatment mar-
gins, and therefore the volume of normal tissue irradiated
can reduce complications, while permitting local dose esca-
lation at the tumor.10,11 High precision radiation treatments,

such as stereotactic body radiation therapy �SBRT�, benefit
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from this increase in precision, allowing the technique to
deliver high doses in fewer fractions to a conformal target
around the tumor, which has numerous benefits for the pa-
tient.

SBRT for primary and metastatic liver cancer is currently
being investigated in clinical trails.12–14 Radiation treatment
of liver cancer is challenging, as the liver and neighboring
organs such as the stomach, small bowel, and esophagus are
dose limiting organs. Tumor localization at the time of treat-
ment is important for assessing the potential dose difference
from planning for both the tumor and the normal surrounding
tissue. This localization is complicated by the changing liver
anatomy due to stomach filing, daily patient positioning, and
respiration motion.

Respiration motion of the liver, which can vary from day
to day, can be quantified at the time of treatment through
fluoroscopy or respiration correlated CBCT imaging.15,16

Measuring the motion at the time of treatment ensures that
the planning target volume �PTV� is adequate to assure cov-
erage during treatment. Precise treatment of liver tumors is
difficult as the tumor is typically not visible in x-ray gener-
ated images without the use of IV contrast. Surrogates such
as the liver can be used in place of the tumor to register
online images to planning for treatment assessment and de-
livery. If volumetric images are available, the entire liver
boundary can be used as a surrogate for tumor localization,
and when only low contrast images are available, the dia-
phragm is the most easily identifiable liver edge to determine
motion and positional differences.1–3 Quantifying respiratory
motion must first register baseline shifts of the liver with
respect to the surrounding bony anatomy. Studies have
shown that the reference liver position can change daily
across a fractionated treatment;2 therefore it is important to
initially localize the reference respiratory position of the
liver �e.g., the end-exhale position� at the time of treatment
to the corresponding respiratory position at planning to en-
sure that there is not a systematic error in the treatment de-
livery. Image registration can be used to correlate treatment
day images with planning images to compensate for image
differences and to quantify the respiratory motion for tumor
localization.

Rigid image registration is commercially available; how-
ever, research has shown that residual errors may exist due to
deformation.1,4,5 Research is currently being conducted to in-
vestigate the geometric and dosimetric benefits of deform-
able image registration. Currently, the majority of the studies
are focused on treatment planning images, which have sub-
stantially more soft-tissue contrast. The application of de-
formable registration for image-guided liver radiotherapy is
currently still under investigations with narrow-band,6

B-splines,7–9 thin-plate splines,10,11 optical flow,12 fluid
flow,13 deformation field map,14 demons,15 free-form,16 and
finite element modeling �FEM�-based17–19 approaches.
Implementation of deformable registration in the clinic is
often limited in part due to potentially long computation
times, uncertainties in accuracy due to reduced contrast
available on in-room imaging, or the need for the time con-

suming process of manual segmentation, such as contouring.
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FEM deformable registration using a biomechanical-
based platform, MORFEUS, as described by Brock et al.20

has been shown to provide accurate results in deforming the
liver within the image voxel sizes, where the slice thickness
is 0.25 cm. This deformable registration technique has appli-
cations in predicting tumor localization at the time of treat-
ment and in assessing treatment response with dosimetric
quantifications; however it requires segmentation of the liver
on each image. Therefore, this investigation proposes to use
a novel technique to predict liver motion using population
models to incorporate the FEM deformable registration tech-
nique within the clinical restraints by eliminating manual
segmentation and reducing the computational time.

Models are a common tool in scientific method which
bring together observations and measurements of a system
into a parametric function to act as a template for any pos-
sible occurrences.21 Using a priori knowledge and patient
information, organ models can be generated to describe gen-
eral and patient specific organ shape, motion, and deforma-
tion at specific time frames and across a treatment. Patient
motion models can be a useful tool in patient treatment plan-
ning and assessing organ specific conditions during and as a
response to therapies for a single patient or across a
population.22–31 This investigation proposes to generate a
population liver motion FEM model that can be used to as-
sess differences in motion variations across a liver cancer
patient population in statistical application and as a template
to derive patient specific motion models. The latter applica-
tion will be investigated in this paper using a novel proposed
protocol.

An early investigation has explored a population model,
developing a navigator channel 1D motion detector, and de-
termining the accuracy of adapting population motion
models.32 The purpose of this study is to develop and vali-
date an efficient workflow of performing the biomechanical
model-based deformable registration for use with 4D images
to predict patient specific respiratory motion and deformation
for liver cancer cases. This is achieved by �1� generating a
population model describing the average motion of the liver
across a population, �2� developing a technique to automati-
cally detect patient specific motion of the liver on patient
images, and �3� using the detected motion to adapt the popu-
lation motion to become patient specific.

Through these three means, this investigation will attempt
to eliminate the dependence on manual segmentation and
decrease computational times. In addition, the use of a popu-
lation motion model will enable this technique to be applied
in clinics that do not have a biomechanical model-based de-
formable registration algorithm. The accuracy of the tech-
nique will be assessed for both the motion detection and the
adapted motion methods. Motion detection will be compared
to the corresponding point motion defined using the vali-
dated full FEM deformable algorithm, MORFEUS, while the
adapted motion will be compared to vessel bifurcations, tu-
mor center-of-mass �COM� motions, and the MORFEUS de-

20
formable algorithm.
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II. METHODS

II.A. Patient data

Treatment planning images from 13 patients treated under
an institutional review board-approved protocol phase I of
high precision radiotherapy for unresectable liver cancer
were obtained.33 Each patient had an abdominal CT scan
�GE Lightspeed/Discovery, GE Medical Systems, Milwau-
kee, WI� in the supine position with their arms above their
head in an immobilization bag �Vac-Lok, Bionix, Toledo,
OH� prior to treatment planning. Patients were imaged using
one of the three available breathing protocols depending on
their compliance and capability to perform the procedure:
free-breathing �FB�, abdominal compression plate
�COMP�,34,35 or at breath-hold �BH� using the active breath-
ing device �ABC� �Elekta Oncology Systems, Crawley,
UK�.2,33 FB and COMP patients had a 4D CT scan �RPM,
Varian Medical Systems, Palo Alto, CA� and their
respiratory-sorted exhale and inhale images were used in this
investigation. ABC patients had end-exhale and inhale BH
CT scans �Elekta Oncology Systems, Crawley, UK�, which
were then used directly in this investigation. These images
were acquired within 1 BH, which was approximately 15 s.
Previous investigations2,36 have shown that images acquired
with the ABC device are highly reproducible and contain no
artifacts which will affect this investigation. Table I outlines
the statistical numbers of the patients in this investigation
and their treatment protocols.

II.B. Image data

The main application for this study is to perform deform-
able registration between a planning CT image at a reference
breathing state and a CBCT image at the same reference state
or between inhale and exhale images of a 4D CBCT image.
However, the main goal of this manuscript is to validate the
proposed workflow �development of a population model,

TABLE I. Characteristics of the patients and treatment protocols.

No. of patients �N=13�

Gender
Male 6 �46.2%�
Female 7 �53.8%�

Age 66.4�10.2 �51–81�

Cancer type
Primary 6 �46.2%�
Metastatic 7 �53.8%�

Breathing protocol
Free-breathing �FB� 6 �46.2%�
Compression plate �Comp� 4 �30.8%�
Active breathing coordinator �ABC� 3 �23%�

Prescribed radiation dose 3655�863 cGy �3000–5400�
identification of the liver boundary, and adaptation of the
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population motion model�. Development and adaptation of
the population motion model are independent of the imaging
modality used, but the quantitative accuracy, which is chal-
lenging, must be assessed. Identification of the liver bound-
ary will be slightly more difficult on a 4D CBCT image
compared to a 4D CT image, as the contrast is not as clear.
Since the goal of this manuscript is to describe the feasibility
of the process, 4D CT images will be used, as it would en-
able quantification of the accuracy using naturally occurring
fiducials �e.g., vessel bifurcations�, motion of the tumor
COM, and comparison to a full deformable algorithm, MOR-
FEUS, which has been previously validated. By using 4D CT
images at this initial step, feasibility of the technique is es-
tablished and accuracy is assessed. The substitution of 4D
CBCT images for 4D CT images will only require subse-
quent validation of the algorithm’s ability to detect the
boundary of the liver on the CBCT image. This validation
can be performed through precise manual contouring of the
liver on the 4D CBCT images, which is the subject of ongo-
ing investigations.

II.C. MORFEUS: FEM based deformation registration
algorithm

Exhale and inhale breath-hold data sets or exhale and in-
hale respiration-sorted data sets were imported into a com-
mercial treatment planning system �PINNACLE

3 v6.4 or v7.6b,
Philips Radiation Oncology Systems, Madison, WI� and
manual delineations of the liver was performed on each im-
age. These contours were exported as binary masks and con-
verted into triangular-element surface meshes using the IDL

software �ITT, Boulder, CO�, for use in MORFEUS, a bio-
mechanical model-based deformable registration algorithm.

MORFEUS,20 which has been described in detail in litera-
ture, will be briefly described below. MORFEUS integrates
commercially available FEM pre- and post-processes �HY-

PERMESH v7.0, Altair Engineering, Troy, MI�, Finite element
analysis �FEA� software packages �ABAQUS, ABAQUS Inc.,
Pawtucket, RI�, and the treatment planning system. The sur-
face meshes are converted to tetrahedral-element volume
meshes to represent the 3D volume. A rigid registration is
initially performed using a COM translation. After rigid reg-
istration a surface projection of the two FEMs will provide
boundary constraints relating the surface of the liver between
exhale and inhale, which is then applied to the FEMs. In this
study, the liver is assumed to undergo linear, isotropic, elas-
tic, small deformations only and was modeled with biome-
chanical properties of Young’s modulus �7.8 kPa� and Pois-
son’s ratio �0.45�.37 Finally, the deformation of each node
was calculated using the FEA and a deformation map of the
liver’s respiratory deformation was produced. The average
time required for this process depends on the number of
nodes used in the mesh model, the complexity of the model,
and the speed of the computer. In this study, the average
computational time for MORFEUS per patient ranged be-
tween 5 and 10 min for 1724 nodes and 8819 volumetric
elements �average size element is approximately 0.75 cm�

from the population liver model to deform into each patient’s
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exhale and subsequent inhale liver model on a 2.8 GHz Pen-
tium 4 processor with 2 GB of RAM. The output deforma-
tion map for each patient will be used to verify the accuracy
of the proposed technique, which is described in Sec. II G

II.D. 4D population motion deformation model

Data sets from 10 of out 13 patients were randomly se-
lected to formulate the basis of the population model. The
exhale livers were rigidly registered to each other using rigid
registration of translation based on the COM. This procedure
eliminates patient positioning variations and aligns the dif-
ferent livers to a common spatial coordinate using a simple
computation algorithm. The translation transformations were
applied to the patients’ exhale liver binary mask. The binary
masks were then combined into one binary mask using a
logical OR function and converted into a triangular-element
surface mesh, producing a population exhale liver model.
This liver FEM mesh was smoothed to remove the discon-
tinuous edges caused by the voxel summation procedure.
The method generated a population model of the liver, which
is larger in volume than the average liver. This is advanta-
geous for the deformation of this population model to each
patient specific liver �described below� as deformation from
a large volume to a smaller volume reduces the risk of ele-
ment distortion. Distortions occur when a smaller FEM
model deforms into a larger FEM model. Elements are
stretched during the surface projection and can lead to nodes
producing large spikes in the model. However, a deformation
from a large to smaller FEM model reduces these distortions
and was a motivation in generating a large population model.
The population model is important in assigning correspond-
ing nodes to the same liver regions.

The population exhale liver model was then rigidly regis-
tered to the ten patients’ exhale liver FEMs using a principal
component analysis �PCA� method to eliminate the large ro-
tational and translational motion differences between the
population and the ten patients’ specific exhale livers. PCA
determines the distribution of the nodes from the mesh vol-
umes and creates orthogonal axes for each of the patients’
exhale and the population exhale liver model. It then maps
the population exhale liver model’s orthogonal axis onto
each of the patients’ exhale liver model axes. The resulting
rigidly registered population exhale liver model was then
deformed into each patient exhale liver to generate patient
specific exhale liver models using the deformable registra-
tion algorithm, MORFEUS. This result in a series of
population-patient specific liver exhale models, each with a
consistent mesh representation �i.e., same number of nodes,
with corresponding node numbers, and with each node in
approximately the same anatomical region of the liver�. To
show the consistency in node liver region coverage when
deforming the population model to patient exhale, the COM
was calculated on the population liver and on each of the
patient specific FEM liver models independently. A node
closest to the COM was identified and it was found that the
same FEM node was consistent in the population model and

across all patients �see Fig. 1�.
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The population exhale liver model �black mesh� and a
patient specific exhale liver model �black solid volume� are
shown before and after both rigid and deformable registra-
tion in Figs. 2�a� and 2�b�, respectively. The resulting
population-patient exhale liver model meshes �the population
liver at the patient specific exhale� for each patient, shown in
a light mesh in Figs. 2�c� and 2�d�, were then deformed into

FIG. 1. FEM mesh models of the population and five example patient exhale
livers. The COM was calculated and the COM node number was highlighted
on each liver showing the consistent COM node representation.

(a)

(b)

(c)

(d)

Y X

Z

Y X

Z

Y X

Z

Y X

Z

FIG. 2. A patient example of the liver population model deforming into the
patient specific exhale and inhale liver using MORFEUS deformable algo-
rithm to generate the liver population motion model. ��a� and �b�� The liver
population exhale model �black mesh� is deformed into the patient’s exhale
model �black solid volume�. ��c� and �d�� The resulting population-patient
exhale liver model �light mesh� is deformed into the patient’s inhale liver
�light solid volume�. This process generated patient specific deformation
maps from the exhale to inhale respiratory states using a common mesh

representation for statistical and verification analysis.
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the patient’s respective inhale liver model �light solid vol-
ume� to obtain a deformation map of the population-patient
specific respiratory liver motion for each of the ten patients.
An outline of all the rigid and deformation registration pro-
cesses from the population to patient model is shown in Fig.
3. The respiratory deformation maps for the ten patient popu-
lation was averaged across the left-right �LR�, anterior-
posterior �AP�, and superior-inferior �SI� directions from the
exhale to inhale transformation of each node in the
population-patient meshes and applied to the population ex-
hale liver model to generate a population liver motion model.
Figure 4 shows the resulting population motion model.

II.E. Quantification of motion using navigator
channels

To quickly adapt the population liver motion to become
patient specific without the dependence of a finite element

Generating a population-patient motion model

Rigid registration � PCA
Deformable registration � MORFEUS

Population-Patient
Exhale Liver Model

Rigid registration � liver COM
Deformable registration � MORFEUS

Patient Inhale
Liver Model

Population
Liver Model

Patient Exhale
Liver Model

Population-Patient
Liver MotionModel

Generating a population-patient motion model

Rigid registration � PCA
Deformable registration � MORFEUS

Population-Patient
Exhale Liver Model

Rigid registration � liver COM
Deformable registration � MORFEUS

Patient Inhale
Liver Model

Population
Liver Model

Patient Exhale
Liver Model

Population-Patient
Liver MotionModel

FIG. 3. A flowchart outlining the rigid and deformable registration tech-
niques used to deform the population liver model into the patient specific
exhale and then subsequently inhale liver model to generate patient specific
liver motion models for validation of the proposed method.

FIG. 4. Deformation color map of the liver population exhale to inhale liver

motion model.
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modeling and analysis software, patient motion was quanti-
fied at four liver boundaries at the superior dome, inferior
tip, anterior, and posterior edges on the patient’s exhale and
inhale abdominal images and applied to the population liver
motion to derive the patient specific motion. Motion in the
left-right direction of the liver models was not investigated
as the population motion model showed small variations less
than the image voxel sizes. To quantify the motion, a navi-
gator channel technique was developed and its process is
displayed in Fig. 5. The term “navigator” originated from
McConnell et al.,38 defining a specific region of interest on
an image to measure the diaphragm displacement. This in-
vestigation proposes a new term “navigator channel” to de-
fine a rectangular region of interest on an image, which cap-
tures the intensity values within the region and quantifies the
organ edge motions as shifts in the intensity edge gradients.

In this study, motion was determined by placing a navi-
gator channel at a manually chosen location along the bound-
ary of the liver in a manually selected coronal or sagittal
slice reconstruction of the exhale CT. The CT slice was se-
lected to be approximately the middle of the liver. The chan-
nel can be adjusted in width, length, and angle along a se-
lected sagittal or coronal slice according to the structure of
interest. The navigator channel used in this initial investiga-
tion was approximately 0.5�5.0 cm2 �width� length� and
was placed at 0° �horizontal channel in the sagittal image�
and 90° �vertical channel in the coronal image� with the im-
age dimensions at the specified liver boundaries. The navi-
gator channel was initially placed on the primary exhale im-
age at the superior dome of the liver �the diaphragm�
capturing the lung-liver interface; at the tip of the inferior
region of the liver, capturing the liver-bowl interface; and at
the anterior and the posterior liver boundaries capturing the
liver-muscle interfaces. A corresponding navigator channel
was then automatically placed on the secondary inhale image
at the same spatial coordinates as the exhale navigator chan-
nel, capturing the intensity of the inhale image to determine
the inhale positional difference at the specified liver bound-
ary. The pixel intensities across the width of the navigators
were averaged to give a 1D intensity plot function along the
length of the navigator channel and to improve signal-to-
noise ratio. Two intensity plots were derived, one for the
exhale image and one for the inhale image, which were then
fitted to a Gaussian error function by least-squares curve fit-
ting for boundary identification. The error function is defined
in Eq. �1�, where x is the pixel positions along the navigator
channel and I is the intensity value at each pixel positions,

erf�x� =
2

��
�

0

x

e−I2
dI . �1�

Organ motion �NC was then automatically determined �t
�10 s� as the shift required to move the primary exhale
error-fitted intensity plot onto the secondary inhale error-
fitted intensity plot functions. The motion detection method
was tested on the four liver edges �superior, inferior, anterior,
and posterior� on manually determined central slices of 4D

CT planning images for all 13 liver cancer patients.
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II.F. Patient specific motion and the adaptation of the
population motion model

Patient specific motion was derived from the population
liver motion model after adaptation using the following de-
scribed technique and the 1D navigator channel motion in-
formation. The population model’s motion and deformation
at each node ��x0 ,y0 ,z0� was corrected for each patient spe-
cific motion by a linear weighting equation of the detected
patient specific motion and the node’s relative distance

FIG. 5. A schematic diagram displaying the navigator channel technique p
information, motion information obtained from patient specific images, and t
adapted patient specific motion. Here, the adapted motion is applied to a pa
within the liver model,
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��x0,y0,z0� = ��x0,y0,z0��	 �NC1

�NC1


�1 − k�x0,y0,z0��

+ 	 �NC2

�NC2


�k�x0,y0,z0��� . �2�

Here, ��x0 ,y0 ,z0� represents the population motion model’s
predicted deformation at that particular node. It is adjusted
by the relative differences between the navigator channel’s

s. The motion adaptation technique utilizes the population motion model
lative nodal position to adapt the population motion model into a navigator-
exhale FEM model for illustrative purpose.
roces
he re
tient
calculated motion at two liver edges �SI or AP� ��NC1
� and
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��NC2
� of the liver to the population’s predicted motion at

those relative spatial coordinate points ��NC1
� and ��NC2

�,
respectively. Each node is also corrected by the specified
node’s relative distance k�x0 ,y0 ,z0� within the liver. This
weighting function is a linear interpolation of the influences
of each navigator channel’s detected patient motion across
the liver volume,

k�x0,y0,z0� = 	 �x,y,z�edge1
− �x0,y0,z0�

�x,y,z�edge1
− �x,y,z�edge2


 . �3�

The nodal relative distance k�x0 ,y0 ,z0� is the node’s distance
within the liver �x ,y ,z�edge1

− �x0 ,y0 ,z0� between the largest
liver lengths ��x ,y ,z�edge1

− �x ,y ,z�edge2
� in each cardinal di-

rection �i.e., k=0 at the superior, right, and anterior edges of
the liver and 1 at the inferior, left, and posterior edges�.
Equation �2� was applied to all nodes on the population vol-
ume mesh model for all 13 patients to derive patient’s spe-
cific deformation. This describes the patients’ liver exhale to
inhale respiratory nodal displacement. This is effectively
normalizing the population motion model based on the
breathing amplitude of the patient.

A leave-one-out method was used to recalculate the popu-
lation motion. The navigator channel adaptation technique
was reapplied to each of the ten patients used in the genera-
tion of the population motion map to verify that there is no
bias of the accuracy results to the ten patients selected.

The adaptation technique was first computed in the SI
direction and the resulting adapted motion was then used to
help position the AP inhale navigator channel. The SI motion
calculated at the location of the AP navigator channel was
applied to the navigator channel on the inhale image so that
the navigator channels were matched at the same anatomical
position �see Fig. 6�. This allowed the technique to account
for the larger SI respiration motion to ensure accurate motion
detection of corresponding liver edges. The complete navi-
gator channel motion detection and the adaptation process as
shown in Fig. 5, took approximately 1–2 min for each patient
on a 2.8 GHz Pentium 4 processor with 2 GB of RAM.

II.G. Accuracy

Accuracy of the navigator channel technique was assessed
using several methods, which are illustrated in Fig. 7. The
accuracy can be broken down into two main components: the
accuracy of the navigator channel to detect the motion and
the accuracy of the adapted population motion model to de-
scribe the patient specific motion.

The accuracy of the navigator channel’s ability to deter-
mine the motion of the liver boundaries was determined by
comparing the navigator channel’s measurement with the
motion measured by the deformable registration algorithm,
MORFEUS, at the corresponding position of the navigator
channel. The MORFEUS technique determines its surface
motion through a projection of the primary organ’s FEM
surface nodes onto the secondary organ’s FEM surface and
interpolates interior motion from this boundary condition re-

strained by the organ’s biomechanical properties. Therefore
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by definition of surface projection the MORFEUS technique
matches the contour of the liver at exhale to the contour of
the liver at inhale. This allows for MORFEUS to be an ac-
curate comparison method for the navigator channel tech-
nique in predicting liver boundary motion, allowing for
simple correlation between the image edge and the image
edge determined by contours, within the contour variability.

The accuracy of the adaptation of the population motion
model to predict the patient specific motion was assessed
through three methods: �1� bifurcation motion, �2� tumor
COM motion determined from images, and �3� �a� tumor
COM motion determined from MORFEUS and �b� compari-
son to MORFEUS node displacement �N=number of pa-
tients; n=number of points/tumors�.

A subset of patients was administered IV iodized CT con-
trast agent �N=3� prior to their 4D CT scan, allowing for
vessel bifurcation points within the liver to be identified on
both the exhale and inhale patient images. Vessel bifurcation
points are natural landmarks within organs that can be iden-
tified with contrast enhancements at spatial coordinates. With
contrast enhancement and precise timing, the same vessel
bifurcation can be identified in the exhale and inhale respi-
ratory phases. Therefore, vessel bifurcation displacements
can be used in determining the true motion of an organ at
specified point locations �N=3, n=16�. The reproducibility

FIG. 6. Sagittal images of a patient example showing the SI-adapted motion
shifting the inhale navigator channel on the image before calculating the AP
patient specific motion. �a� and �c� show the navigator channel on the patient
exhale sagittal image. �b� shows the initial position of the navigator channel
on the inhale sagittal image. �c� shows the shifted position of the navigator
channel on the inhale sagittal image. Note that the navigator channel on
images �c� and �d� are on the same anatomic position of the liver, which will
ensure accurate assessment of the motion at this position.
of identifying these vessel bifurcations has been studied and
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shown to have errors less than a millimeter.20 The actual
displacement of each bifurcation was calculated from the
change in position determined from the images. The residual
error of the navigator channel technique was defined as the
difference between the actual and the predicted displace-
ment. These vessel bifurcations are typically limited to the
liver and are difficult to localize within the disorderly vessel
system of the tumors.

Tumor COM displacements can also be determined from
the patients’ images. Tumors can be delineated in patient’s
4D CT images with contrast �N=3� and in a few patient
cases �N=4�, where sufficient contrast remained in the tumor
at the inhale BH scan. From the tumor contours, the COM
can be calculated for both the exhale and inhale breathing
phases to determine its motion �N=7, n=14�. The navigator
channel technique was applied to the exhale tumor COM
positions and the calculated tumor COM displacement was
compared to the tumor COM displacement determined from
the images to quantify the accuracy of the technique.

For the remaining patient cases �N=6, n=18�, the tumors
were only visible in the exhale image. The exhale tumor
contours were delineated and included in the FEM, enabling
the tumor inhale position to be determined using
MORFEUS.17 The tumor motion was calculated from the
change in the COM motion of the tumor. The navigator
channel technique was applied to the exhale tumor COM
positions and the calculated tumor COM displacements were
compared to the MORFEUS determined tumor COM dis-

placement to determine the accuracy of the technique.
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To compare the two tumor COM methods �image-based
and MORFEUS-based�, the subset of patients �N=7� with
visible tumors in the exhale and inhale images �n=14� was
evaluated using the MORFEUS deformable algorithm to de-
termine the MORFEUS predicted tumor COM motion. A
paired student’s t-test was conducted to determine if there is
a significant difference �P�0.05� in accuracy assessment for
the same patients and tumors �N=7, n=14� calculated from
the image COM and the MORFEUS COM calculations.

To calculate the accuracy of the liver motion across the
whole liver, the full MORFEUS method was used for com-
parison for all patients �N=13�. MORFEUS uses finite ele-
ment modeling to calculate the displacement at all points in
an organ and has been previously validated to give accurate
displacement information with an average 0.20 cm error.17

Pixel coordinates of the images were correlated with the CT
spatial location and attached to nodes defined in the deform-
able registration algorithm. This allowed for comparison be-
tween the benchmark deformable registration algorithm20

and the technique evaluated in this investigation at each cor-
responding node �n=1724 nodes for each patient�. The dis-
placements at these points were calculated and compared to
the predicted displacement points in the adapted patient mo-
tion model.

III. RESULTS

III.A. Population model of liver motion

Qualitative assessment of the agreement of the surface

FIG. 7. An illustration depicting the various accuracy
metrics used to validate the two methods used in the
navigator channel technique. To validate �1� the motion
detection method, �i� the navigator channel technique
was compared to �ii� MORFEUS’ motion at spatially
corresponding location. An illustration of an example of
a navigator channel placed on the superior dome of the
liver at exhale �solid line� and at inhale �dashed line�
liver boundaries. Intensity plots of the two respiratory
liver edges along the navigator channel show the calcu-
lated motion as the shift between the two gradients. The
navigator channel motion is compared to the node mo-
tion calculated from the population-patient FEM model
generated using MORFEUS. The right box �2� shows a
representation of �i� navigator channel adaptation tech-
nique and the three comparison methods used for accu-
racy verification. �ii� shows an axial slice image of con-
tours of the liver, which are used to generate a FEM
mesh to calculate a deformation map across the liver
volume. �iii� shows an illustration of the exhale �blue
and solid� and inhale �red and dashed� livers with a
representative spherical tumor from which the tumor
COM is calculated and their displacement is deter-
mined. �iv� shows an illustration of an enhanced vessel
bifurcation from the exhale �blue and solid line� and the
inhale �red and dashed� from which the point of bifur-
cation from both is used to calculate the bifurcation
motion.
deformation of the population adapted mesh to each of the
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patient specific exhale and subsequent inhale meshes showed
good spatial agreement �Fig. 2�d��. The average absolute mo-
tions �mean�SD� of the population liver motion model in
the LR, AP, and SI direction were 0.12�0.10, 0.84�0.13,
and 1.24�0.18 cm, respectively. Figure 4 depicts the popu-
lation liver motion model at the exhale position with a color
map representing the motion and deformation to the popula-
tion average inhale position. The process of deforming the
population exhale liver into each of the patient’s exhale and
subsequent inhale liver models using the MORFEUS tech-
nique took, on average, approximately 20 min.

III.B. Accuracy of the motion detection technique

The motion detection capability of the technique was as-
sessed at four liver boundaries: the superior dome of the
liver, the inferior tip of the left lobe, the anterior liver edge,
and the posterior liver edge. An approximate median coronal
and sagittal slice was chosen from each patient’s liver CT
images and the navigator channels were placed at the farthest
extent of the liver in the slice. For the coronal slice, the
superior and inferior edges were tested and for the sagittal
slice, the anterior and posterior edges were tested. The accu-
racy of the motion detection technique was assessed by com-
paring the measured motion to the motion determined by the
full patient specific deformable registration by MORFEUS at
the navigator channel central position along the liver edge.
An illustration of the motion calculation from the two tech-
niques is shown in the left panel of Fig. 7. The average
absolute accuracies �mean�SD� for the four liver bound-
aries at the superior dome, inferior tip, anterior edge, and
posterior edge were 0.10�0.09, 0.11�0.04, 0.11�0.07,
and 0.10�0.07 cm, respectively, as shown in Table II.
These values are comparable to the respective CT voxel res-
olution of 0.10�0.10�0.25 cm3 and the computational
time took less than 1 min.

III.C. Accuracy of the adapted-population motion
models

The population motion model was adapted to each patient
using the 1D motion calculated from the navigator channel at
the four liver boundaries for SI and AP direction adaptation
to account for the differences in patient specific motion from
their CT images. The accuracy of the adaptation of the popu-

TABLE II. The average absolute accuracy of patient motion detection using
the navigator channel at the four liver boundaries compared to the corre-
sponding locations in the full deformable registration algorithm. �MOR-
FEUS motion—navigator channel motion�.

Liver boundary
Mean
�cm�

SD
�cm�

Max
�cm�

Min
�cm�

Superior dome 0.10 0.09 0.31 0.01
Inferior tip 0.11 0.04 0.20 0.04
Anterior edge 0.11 0.07 0.21 0.01
Posterior edge 0.10 0.07 0.26 0.00
lation motion to the patient specific was compared using the
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three different methods described above and are shown in
Table III. The LR residual error between the population mo-
tion without adaptation and the patient specific motion was
also compared and showed similar results to the SI and AP
residual errors in all three types of verification methods.

Corresponding vessel bifurcations identified on the pa-
tient’s exhale and inhale image were used to compare the
accuracy of the adapted-population motion at the specified
point locations. The absolute average accuracies
�mean�SD� at the vessel bifurcation points were
0.26�0.16 and 0.13�0.13 cm in the SI and AP directions,
respectively.

The adapted-population motion accuracies were also veri-
fied using tumor COM using two methods: �1� from the im-
ages directly and �2� using the MORFEUS deformation al-
gorithm. The absolute average differences in the calculated
displacement of the tumor COM motion between the
adapted-population motion and the image determined COM
motion for the tumor visible patients �N=7, n=14� were
0.14�0.13 and 0.13�0.11 cm in the SI and AP directions,
respectively. The absolute average differences in the calcu-
lated displacement of the tumor COM motion between the
adapted-population motion and the MORFEUS determined
COM motion for the remaining patients �i.e., patients where
the tumor was not visible on the inhale image, N=6, n=18�
were 0.19�0.17 and 0.15�0.09 cm in the SI and AP direc-
tions, respectively. The two tumor COM accuracy methods
were compared by performing the MORFEUS deformable
algorithm on the tumor visible patients �N=7, n=14�. A
paired student’s t-test showed no significant difference �P
�0.05, P=0.32, 0.79, 0.73� in all three directions, LR, AP,

TABLE III. The average absolute accuracy of patient motion prediction of the
adapted motion model compared to the three different verification metrics:
�1� MORFEUS deformable algorithm, �2� tumor COM, and �3� vessel bifur-
cations. �Comparison method motion—adapted motion�. There are 13 pa-
tient data sets in total, which were all tested using the MORFEUS deform-
able registration algorithm. A subset of the patients �N=3� had contrast
administration, where bifurcations and tumors were identifiable. An addi-
tional subset of patients �N=4� had visible tumor shadows in their images,
which allowed for tumor COM comparison as well as the contrast patients.
The remaining patients �N=6=13−7� where the inhale tumor was not vis-
ible in the CT images derived the tumor COM motion using the MORFEUS
deformable algorithm.

Verification method

SI AP LR Vector

Mean
�cm�

Mean
�cm�

Mean
�cm�

Mean
�cm�

Bifurcations �N=3, n=16� 0.26 0.13 0.15 0.33

Tumor COM �N=7, n=14�
MORFEUS tumor COM 0.19 0.15 0.20 0.33
Image tumor COM 0.14 0.13 0.21 0.29

MORFEUS �N=13, n=1724� 0.25 0.24 0.23 0.43
MORFEUS tumor COM �N=6, n=18� 0.20 0.22 0.24 0.38
and SI, respectively �Fig. 8�.
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The accuracy was assessed across all node displacements
in the adapted volumetric mesh by comparison to the corre-
sponding node displacements calculated from the full
population-patient specific deformation using the MOR-
FEUS algorithm to determine the relative accuracy across
the entire liver volume. The absolute average accuracies
�mean�SD� across N=13 patients were 0.25�0.19 and
0.24�0.16 cm in the SI and AP directions, respectively. For
the subset of patients �N=3� where all three accuracy metrics
were applicable, the analysis showed similar results for all
three verification methods �see Fig. 9�.

IV. DISCUSSION

This research introduces several new concepts to improve
current deformable registration techniques for online appli-
cations. The objective of this investigation was to develop a
technique that utilizes a priori information and updated
patient-specific limited information to quickly adapt patient
specific motion information. Population motion models were
introduced as a priori templates of patient respiratory mo-
tion, liver deformation, and subsequently surrogate tumor
motions during treatment. The updated patient-specific lim-
ited information studied was 1D motion information ac-
quired from patient images. A navigator channel technique

Tumor
Tumor

FIG. 8. A bar graph illustrating the absolute average accuracy of the navi-
gator channel adaptation technique using the two tumor COM methods:
MORFEUS �dark gray� and image derived �light gray�.

Tumor

FIG. 9. A bar graph illustrating the absolute average accuracies across the
contrast enhanced subset of patients �n=3�, which were verified using all
three verification methods. A star is drawn showing the average of all three

verification methods in each of the cardinal directions.
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was developed, which brought together these new concepts,
to incorporate and update FEM deformable registration to
describe patients’ specific motion within online restraints for
applications in image-guided radiotherapy �IGRT� such as
SBRT.

The adaptation accuracy was verified through three differ-
ent methods. Vessel bifurcations are natural landmarks
within organs that can be defined with contrast enhancement.
Bifurcation points identified in all patients used in this study
would be ideal in verifying the motion accuracy of the tech-
nique; however this is currently difficult to obtain. Standard
contrast enhanced imaging is time sensitive, requiring pre-
cise timing to capture the contrast. 4D CT images can be
obtained after the administration of contrast; however only a
moderate amount of visible vessels in both the exhale and
inhale sorted data sets is identifiable. Optimization of IV
contrast for 4D CT and 4D CBCT is still under investigation.
Currently this investigation has investigated three contrast
patients. Therefore, other validation methods were investi-
gated for comparison.

The tumor and the internal motions and deformations are
important treatment-based measurements that should be con-
sidered. While the vessel bifurcation points were assessed to
identify the error precision at specific points, the deformation
algorithm was used to verify the accuracy at points in all
regions of the liver, including the tumor. There are several
factors, which make MORFEUS a suitable accuracy metric
for this investigation. The accuracy of MORFEUS has been
previously validated with bifurcation points and tumor COM
and publications have shown an absolute average accuracy of
0.20 cm across the volume of the liver for the largest motion
direction, SI.20 The maximum error of MORFEUS has also
been studied and shown as 0.40, 0.66, and 0.31 cm in the
LR, AP, and SI directions, respectively.39 The same accuracy
was seen in this study’s patient motion model results. The
accuracy of the navigator channel technique using MOR-
FEUS as a comparison showed similar results to the other
three types of verification methods. In particular, for a subset
of patients with visible tumors, the tumor COM verification
method was compared using the images directly and also
using the MORFEUS deformable algorithm. The results of
the two methods had no significant difference, enabling
MORFEUS to be a surrogate for accuracy when patient spe-
cific tumor motion is not available.

A subset of patients that had contrast administration �N
=3� was verified using all the verification methods: �1�
MORFEUS deformable registration algorithm, �2� tumor
COM, and �3� vessel bifurcations. A comparison of the navi-
gator channel technique’s accuracy from all three verification
methods shows similar results across the methods �Fig. 9�.
For therapeutic applications, the tumor area is of particular
interest to assess treatment response for online image-guided
applications of the liver region �defined by MORFEUS and
bifurcation points� for treatment complication assessment.

The overall accuracy results of the navigator channel
technique show a similar error to the MORFEUS deformable

algorithm, which can validate this technique’s ability to sub-
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stitute MORFEUS for online applications. The technique re-
tains the advantages of a biomechanical FEM motion model
generated from MORFEUS through the incorporation of the
population motion model in the adaptation technique. Yet the
navigator channel technique has the advantage of a shorter
computation time of less than 2 min and is independent of
manual segmentations, which is of interest for online low
contrast images such as CBCT.

One of the proposed benefits of using a biomechanical
model-based technique is the inclusion of different material
properties between the liver and the tumor. The population
motion model provides a reference to the internal motion of
the liver based on inherent biomechanics, which is incorpo-
rated into the adaptation method by Eq. �2�. This is advanta-
geous over a simple linear interpolation of the detected navi-
gator channel edge motion as it provides a template to the
biomechanical motion of the internal liver motion. A simple
comparison of the adapted population motion model tech-
nique to a simple 1D linear interpolation was tested on the
tumor COM and showed that 3 out of 13 patients had errors
of �0.50 cm with linear interpolation, where the adaptation
technique with the population motion model had errors of
�0.25 cm. The population motion model adaptation tech-
nique described here currently does not include the variation
in the material properties between the tumor and the liver, as
this is different for each patient. Future work will investigate
the benefit of approximating the local changes resulting in
tumor stiffness on the accuracy of the method. Using a pa-
tient specific motion model, as opposed to the population
motion model, would enable this variation in materials to be
included in the adaptation at each treatment fraction.

Using a patient specific motion model and adapting based
on the information obtained at their individual treatment is
the primary and ideal application for this technique. How-
ever, a population motion model and adaptation was investi-
gated for two reasons. First, a population motion model can
provide a common template for describing the variations in
motion across a population in treatment assessment. The
common nodes and liver motion for specific liver regions
provides a reference template of the expected motion in the
area that is then adapted to the patient specific motion. Sec-
ond, to enable general clinical implementation, a population
motion model was generated for use in any clinic with the
navigator channel technique to derive the patient’s specific
motion without the need for an in-house finite element mod-
eling and analysis algorithm. The complete navigator chan-
nel motion detection and adaptation method takes approxi-
mately 1–2 min to perform with the population motion
model, which is still within the online time constraint and
can be used in adaptive treatment planning to adjust PTV
margins for daily respiratory motion changes.

The liver population motion model was shown to accu-
rately adapt to patient specific motion using SI and AP pa-
tient motion information. The SI and AP motions were stud-
ied in this investigation as they had the greatest motion
variations in the patient population used in this study. The
navigator channel technique currently utilizes a voxel-by-

voxel analysis of the image intensity and is currently limited
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to the image resolutions of 0.10�0.10�0.25 cm3 for the
4D CT images. Detection and adaptation of the model in the
LR direction were ignored as the difference between patient
and population motion was on the order of the voxel size for
all three accuracy metrics, as seen in Table III. Future inves-
tigation on interpolating the image intensity values between
the voxel lengths will increase the accuracy of the navigator
channel detection and adaptation technique and allow for LR
direction adaptation.

This investigation evaluated the accuracy of developing
and adapting a population motion model based on 4D im-
ages. This consisted of three steps, each of which requires
validation: �1� generation of the population motion model,
�2� detection of the motion at the organ boundaries, and �3�
refinement of the population motion model. Steps 1 and 3 are
independent of the images used in the analysis and step 3 is
arguably the most novel, with the highest demand for vali-
dation. For these reasons, 4D CT images were used to enable
validation of the population refinement using anatomical fea-
tures in the 4D CT images, which are not visualized in 4D
CBCT images, which is the target application. Future work
will focus on validating the detection of motion at the organ
boundaries based on 4D CT images; however the accuracy
presented here provides an estimation of the accuracy that
may be expected.

Applying the navigator channel technique to all phases of
4D CT or 4D CBCT is another exciting future application.
Continuous respiratory motion model can be a valuable tool
for future investigation of irregularities in a patient’s breath-
ing pattern. A continuous respiratory motion model can be
generated at treatment planning using 4D CBCT. Then with
the navigator channel technique, the motion model can be
adapted to daily CBCT images to account for the changing
patient anatomy. For this initial investigation, the aim was to
validate the application of the navigator channel technique to
the current clinical practice of assessing two respiratory
phases, the exhale and inhale phase, in determining the pa-
tient’s treatment motion. Therefore the navigator channel
technique was tested from these breathing states to predict
the accuracy of this method’s ability to account for the large
differences in breathing motion.

The motion was captured with a rectangular region of
interest to reduce computational time in this investigation.
The motion detection technique uses an edge detection that is
not sensitive to the tissue’s slight variations in specific voxel
intensities at the tissues. At these boundaries, gradients of
intensity value differences between soft tissues �lung/liver or
liver/intestinal tract� are fitted to a Gaussian error function,
which is then used to calculate the edge motion regardless of
the intensity magnitudes. The 1D calculation allows the mo-
tion technique to be fast, within seconds, for online applica-
tions. Future investigation will look at adapting this tech-
nique to cine MR and fluoroscopy as in-room real time
imaging modality offers the possibility of online tracking or
gating of treatment delivery with this technique to ensure
complete coverage of the tumor throughout the duration of
the treatment.40,41
This investigation has shown that the navigator channel
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technique has the capability to provide motion information in
limited image data by reducing the need for time-consuming
steps required in some deformable registration such as con-
touring to quantify online patient motion for verification and
assessment of treatment delivery. This technique is not re-
strained by the need for volumetric data and can be applied
to real-time imaging modalities such as cine MR or fluoros-
copy. Its application can further expand to other important
anatomical sites, which exhibit intrafraction motion, such as
prostate or lung. The navigator channel technique is a prom-
ising method to apply quick and accurate deformable regis-
tration with visual aids of motion models to verify, assess,
and adapt treatment delivery for multiple sites which experi-
ences intrafraction motion.

ACKNOWLEDGMENTS

The authors extend their thanks to Dr. Doug Moseley and
Graham Wilson for assistance in MATLAB programming and
for technical support. The authors would also like to ac-
knowledge Michael Velec for his assistance in acquiring pa-
tient image data and to Dr. Jeffrey H. Siewerdsen and Dr.
Anne Martel for their valued guidance on this investigation.
This research was supported by the National Cancer Institute
of Canada—Terry Fox Foundation, Elekta Oncology Sys-
tems, Crawley, U.K, and NIH 5RO1CA124714-02.

a�Author to whom correspondence should be addressed. Electronic mail:
thao-nguyen.nguyen@rmp.uhn.on.ca; Also at Ontario Cancer Institute,
Suite 8-207, Princess Margaret Hospital, 610 University Ave., Toronto,
Ontario M5G 2M9, Canada. Telephone: 416-946-4501 �x4214�.

1M. Hawkins, K. K. Brock, C. Eccles, D. J. Moseley, D. A. Jaffray, and L.
A. Dawson, “Assessment of residual error in liver position using kV
cone-beam CT for liver cancer high precision radiation therapy,” Int. J.
Radiat. Oncol., Biol., Phys. 66�2�, 610–619 �2006�.

2L. A. Dawson, K. K. Brock, S. Kazanjian, D. Fitch, C. J. McGinn, T. S.
Lawrence, R. K. Ten Haken, and J. Balter, “The reproducibility of organ
position using active breathing control �ABC� during liver radiotherapy,”
Int. J. Radiat. Oncol., Biol., Phys. 51�5�, 1410–1421 �2001�.

3C. Eccles, K. K. Brock, J. P. Bissonnette, M. Hawkins, and L. A. Dawson,
“Reproducibility of liver position using active breathing coordinator for
liver cancer radiotherapy,” Int. J. Radiat. Oncol., Biol., Phys. 64�3�, 751–
759 �2006�.

4D. Yan and D. Lockman, “Organ/patient geometric variation in external
beam radiotherapy and its effects,” Med. Phys. 28, 593–602 �2001�.

5D. Yan, D. A. Jaffray, and J. W. Wong, “A model to accumulate fraction-
ated dose in a deforming organ,” Int. J. Radiat. Oncol., Biol., Phys. 44�3�,
665–675 �1999�.

6E. Schreibmann and L. Xing, “Narrow band deformable registration of
prostate magnetic resonance imaging, magnetic resonance spectroscopic
imaging, and computed tomography studies,” Int. J. Radiat. Oncol., Biol.,
Phys. 62�2�, 595–605 �2005�.

7E. Schreibmann, G. T. Chen, and L. Xing, “Image interpolation in 4D CT
using a B-Spline deformable registration model,” Int. J. Radiat. Oncol.,
Biol., Phys. 64�5�, 1537–1550 �2006�.

8J. Stancanello, E. Berna, C. Cavedon, P. Francescon, D. Loeckx, P.
Cerveri, G. Ferrigno, and G. Baselli, “Preliminary study on the use of
nonrigid registration for thoraco-abdominal radiosurgery,” Med. Phys. 32,
3777–3785 �2005�.

9T. Rohlfing, C. R. Maurer, Jr., W. G. O’Dell, and J. Zhong, “Modeling
liver motion and deformation during the respiratory cycle using intensity-
based nonrigid registration of gated MR images,” Med. Phys. 31, 427–
432 �2004�.

10F. L. Bookstein, “Principal warps: Thin-plate splines and the decomposi-
tion of deformations,” IEEE Trans. Pattern Anal. Mach. Intell. 11, 567–
585 �1989�.

11
Q. J. Wu, D. Thongphiew, Z. Wang, V. Chankong, and F. F. Yin, “The

Medical Physics, Vol. 36, No. 4, April 2009
impact of respiratory motion and treatment technique on stereotactic body
radiation therapy for liver cancer,” Med. Phys. 35, 1440–1451 �2008�.

12T. Guerrero, G. Zhang, T. C. Huang, and K. P. Lin, “Intrathoracic tumour
motion estimation from CT imaging using the 3D optical flow method,”
Phys. Med. Biol. 49�17�, 4147–4161 �2004�.

13G. S. Mageras, A. Pevsner, E. D. Yorke, K. E. Rosenzweig, E. C. Ford, A.
Hertanto, S. M. Larson, D. M. Lovelock, Y. E. Erdi, S. A. Nehmeh, J. L.
Humm, and C. C. Ling, “Measurement of lung tumor motion using
respiration-correlated CT,” Int. J. Radiat. Oncol., Biol., Phys. 60�3�, 933–
941 �2004�.

14L. Ren, J. Zhang, D. Thongphiew, D. J. Godfrey, Q. J. Wu, S. M. Zhou,
and F. F. Yin, “A novel digital tomosynthesis �DTS� reconstruction
method using a deformation field map,” Med. Phys. 35, 3110–3115
�2008�.

15H. Wang, S. Krishnan, X. Wang, A. S. Beddar, T. M. Briere, C. H. Crane,
R. Mohan, and L. Dong, “Improving soft-tissue contrast in four-
dimensional computed tomography images of liver cancer patients using
a deformable image registration method,” Int. J. Radiat. Oncol., Biol.,
Phys. 72�1�, 201–209 �2008�.

16W. Lu, M. L. Chen, G. H. Olivera, K. J. Ruchala, and T. R. Mackie, “Fast
free-form deformable registration via calculus of variations,” Phys. Med.
Biol. 49�14�, 3067–3087 �2004�.

17K. K. Brock, L. A. Dawson, M. B. Sharpe, D. J. Moseley, and D. A.
Jaffray, “Feasibility of a novel deformable image registration technique to
facilitate classification, targeting, and monitoring of tumor and normal
tissue,” Int. J. Radiat. Oncol., Biol., Phys. 64�4�, 1245–1254 �2006�.

18T. Bruckner, R. Lucht, and G. Brix, “Comparison of rigid and elastic
matching of dynamic magnetic resonance mammographic images by mu-
tual information,” Med. Phys. 27, 2456–2461 �2000�.

19A. Bharatha, M. Hirose, N. Hata, S. K. Warfield, M. Ferrant, K. H. Zou,
E. Suarez-Santana, J. Ruiz-Alzola, A. D’Amico, R. A. Cormack, R. Ki-
kinis, F. A. Jolesz, and C. M. Tempany, “Evaluation of three-dimensional
finite element-based deformable registration of pre- and intraoperative
prostate imaging,” Med. Phys. 28, 2551–2560 �2001�.

20K. K. Brock, M. B. Sharpe, L. A. Dawson, S. M. Kim, and D. A. Jaffray,
“Accuracy of finite element model �FEM�-based multi-organ deformable
image registration,” Med. Phys. 32�6�, 1647–1659 �2005�.

21T. F. Massoud, G. J. Hademenos, W. L. Young, E. Gao, J. Pile-Spellman,
and F. Vinuela, “Principles and philosophy of modeling in biomedical
research,” FASEB J. 12, 275–285 �1998�.

22J. Lee, N. Kim, H. Lee, J. B. Seo, H. J. Won, Y. M. Shin, Y. G. Shin, and
S. H. Kim, “Efficient liver segmentation using a level-set method with
optimal detection of the initial liver boundary from level-set speed im-
ages,” Comput. Methods Programs Biomed. 88, 26–38 �2007�.

23H. Lamecker, T. Lange, M. Seebass, S. Eulenstein, M. Westerhoff, and H.
C. Hege, “Automatic segmentation of the liver for preoperative planning
of resections,” Stud. Health Technol. Inform. 94, 171–173 �2003�.

24F. Liu, B. Zhao, P. K. Kijewski, L. Wang, and L. H. Schwartz, “Liver
segmentation for CT images using GVF snake,” Med. Phys. 32, 3699–
3706 �2005�.

25L. Massoptier and S. Casciaro, “Fully automatic liver segmentation
through graph-cut technique,” Conf. Proc. IEEE Eng. Med. Biol. Soc.
2007, 5243–5246 �2007�.

26T. Okada, R. Shimada, Y. Sato, M. Hori, K. Yokota, M. Nakamoto, Y. W.
Chen, H. Nakamura, and S. Tamura, “Automated segmentation of the
liver from 3D CT images using probabilistic atlas and multi-level statis-
tical shape model,” Med. Image Comput. Comput. Assist. Interv. Int.
Conf. Med. Image Comput. Comput. Assist. Interv. 10, 86–93 �2007�.

27H. Park, P. H. Bland, and C. R. Meyer, “Construction of an abdominal
probabilistic atlas and its application in segmentation,” IEEE Trans. Med.
Imaging 22, 483–492 �2003�.

28E. Rietzel, G. T. Chen, N. C. Choi, and C. G. Willet, “Four-dimensional
image-based treatment planning: Target volume segmentation and dose
calculation in the presence of respiratory motion,” Int. J. Radiat. Oncol.,
Biol., Phys. 61�5�, 1535–1550 �2005�.

29M. A. Selver, A. Kocaoglu, G. K. Demir, H. Dogan, O. Dicle, and C.
Guzelis, “Patient oriented and robust automatic liver segmentation for
pre-evaluation of liver transplantation,” Comput. Biol. Med. 38, 765–784
�2008�.

30X. Zhou, T. Kitagawa, T. Hara, H. Fujita, X. Zhang, R. Yokoyama, H.
Kondo, M. Kanematsu, and H. Hoshi, “Constructing a probabilistic model
for automated liver region segmentation using non-contrast x-ray torso

CT images,” Med. Image Comput. Comput. Assist. Interv. Int. Conf. Med.

http://dx.doi.org/10.1016/S0360-3016(01)02653-0
http://dx.doi.org/10.1016/j.ijrobp.2005.05.066
http://dx.doi.org/10.1118/1.1357224
http://dx.doi.org/10.1016/S0360-3016(99)00007-3
http://dx.doi.org/10.1016/j.ijrobp.2005.02.001
http://dx.doi.org/10.1016/j.ijrobp.2005.02.001
http://dx.doi.org/10.1016/j.ijrobp.2005.11.018
http://dx.doi.org/10.1016/j.ijrobp.2005.11.018
http://dx.doi.org/10.1118/1.2103428
http://dx.doi.org/10.1118/1.1644513
http://dx.doi.org/10.1109/34.24792
http://dx.doi.org/10.1118/1.2839095
http://dx.doi.org/10.1088/0031-9155/49/17/022
http://dx.doi.org/10.1016/j.ijrobp.2004.06.021
http://dx.doi.org/10.1118/1.2940725
http://dx.doi.org/10.1088/0031-9155/49/14/003
http://dx.doi.org/10.1088/0031-9155/49/14/003
http://dx.doi.org/10.1016/j.ijrobp.2005.10.027
http://dx.doi.org/10.1118/1.1288241
http://dx.doi.org/10.1118/1.1414009
http://dx.doi.org/10.1118/1.2132573
http://dx.doi.org/10.1109/TMI.2003.809139
http://dx.doi.org/10.1109/TMI.2003.809139
http://dx.doi.org/10.1016/j.ijrobp.2004.11.037
http://dx.doi.org/10.1016/j.ijrobp.2004.11.037


1073 Nguyen et al.: Adapting liver motion 1073
Image Comput. Comput. Assist. Interv. 9, 856–863 �2006�.
31J. L. Boes, P. H. Bland, T. E. Weymouth, L. E. Quint, F. L. Bookstein, and

C. R. Meyer, “Generating a normalized geometric liver model using
warping,” Invest. Radiol. 29, 281–286 �1994�.

32T.-N. Nguyen, J. L. Moseley, L. A. Dawson, D. A. Jaffray, and K. K.
Brock, “Adapting population liver motion models for individualized on-
line image-guided therapy,” Proceedings of Engineering in Medicine and
Biology Society, 2008 EMBS 30th Annual International Conference of
the IEEE, 3945–3948 �2008�.

33L. A. Dawson, C. Eccles, J. P. Bissonnette, and K. K. Brock, “Accuracy
of daily image guidance for hypofractionated liver radiotherapy with ac-
tive breathing control,” Int. J. Radiat. Oncol., Biol., Phys. 62�4�, 1247–
1252 �2005�.

34K. K. Herfarth, J. Debus, F. Lohr, M. L. Bahner, P. Fritz, A. Hoss, W.
Schlegel, and M. F. Wannenmacher, “Extracranial stereotactic radiation
therapy: Set-up accuracy of patients treated for liver metastases,” Int. J.
Radiat. Oncol., Biol., Phys. 46�2�, 329–335 �2000�.

35B. Murray, K. Forster, and R. Timmerman, “Frame-based immobilization
and targeting for stereotactic body radiation therapy,” Med. Dosim. 32,
86–91 �2007�.

36J. W. Wong, M. B. Sharpe, D. A. Jaffray, V. R. Kini, J. M. Robertson, J.
S. Stromberg, and A. A. Martinez. “The use of active breathing control
Medical Physics, Vol. 36, No. 4, April 2009
�ABC� to reduce margin for breathing motion,” Int. J. Radiat. Oncol.,
Biol., Phys. 44�4�, 911–919 �1999�.

37S. A. Kruse, J. A. Smith, A. J. Lawrence, M. A. Dresner, A. Manduca, J.
F. Greenleaf, and R. L. Ehman, “Tissue characterization using magnetic
resonance elastography: Preliminary results,” Phys. Med. Biol. 45, 1579–
1590 �2000�.

38M. V. McConnell, V. C. Khasgiwala, B. J. Savord, M. H. Chen, M. L.
Chuang, R. R. Edelman, and W. J. Manning, “Prospective adaptive navi-
gator correction for breath-hold MR coronary angiography,” Magn. Re-
son. Med. 37, 148–152 �1997�.

39K. K. Brock and Deformable Registration Accuracy Consortium, “A
multi-institution deformable registration accuracy study,” Int. J. Radiat.
Oncol., Biol., Phys. 69�3�, S44 �2007�.

40H. Shirato, S. Shimizu, K. Kitamura, T. Nishioka, K. Kagei, S. Hash-
imoto, H. Aoyama, T. Kunieda, N. Shinohara, H. Dosaka-Akita, and K.
Miyasaka, “Four-dimensional treatment planning and fluoroscopic real-
time tumor tracking radiotherapy for moving tumor,” Int. J. Radiat. On-
col., Biol., Phys. 48�2�, 435–442 �2000�.

41L. A. Dawson, C. Eccles, A. Kirilova, and K. K. Brock, “Three dimen-
sional motion of liver tumours using cine MRI compared to liver motion
assessed at fluoroscopy,” Radiat. Oncol. A483, S214 �2004�.

http://dx.doi.org/10.1016/j.ijrobp.2005.03.072
http://dx.doi.org/10.1016/S0360-3016(99)00413-7
http://dx.doi.org/10.1016/S0360-3016(99)00413-7
http://dx.doi.org/10.1016/S0360-3016(99)00056-5
http://dx.doi.org/10.1016/S0360-3016(99)00056-5
http://dx.doi.org/10.1088/0031-9155/45/6/313
http://dx.doi.org/10.1016/j.ijrobp.2007.07.081
http://dx.doi.org/10.1016/j.ijrobp.2007.07.081
http://dx.doi.org/10.1016/S0360-3016(00)00625-8
http://dx.doi.org/10.1016/S0360-3016(00)00625-8

