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Development of a Computerized 4-D MRI
Phantom for Liver Motion Study
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Abstract
Purpose: To develop a 4-dimensional computerized magnetic resonance imaging phantom with image textures extracted from
real patient scans for liver motion studies. Methods: The proposed phantom was developed based on the current version of
4-dimensional extended cardiac-torso computerized phantom and a clinical magnetic resonance scan. Initially, the extended
cardiac-torso phantom was voxelized in abdominal–chest region at the end of exhalation phase. Structures/tissues were classified
into 4 categories: (1) Seven key textured organs, including liver, gallbladder, spleen, stomach, heart, kidneys, and pancreas, were
mapped from a clinical T1-weighted liver magnetic resonance scan using deformable registration. (2) Large textured soft tissue
volumes were simulated via an iterative pattern generation method using the same magnetic resonance scan. (3) Lung and
intestine structures were generated by assigning uniform intensity with proper noise modeling. (4) Bony structures were gen-
erated by assigning the magnetic resonance values. A spherical hypointensity tumor was inserted into the liver. Other respiratory
phases of the 4-dimensional phantom were generated using the backward deformation vector fields exported by the extended
cardiac-torso program, except that bony structures were generated separately for each phase. A weighted image filtering process
was utilized to improve the overall tissue smoothness at each phase. Results: Three 4-dimensional series with different motion
amplitudes were generated. The developed motion phantom produced good illustrations of abdominal–chest region with ana-
tomical structures in key organs and texture patterns in large soft tissue volumes. In a standard series, the tumor volume was
measured as 13.90 + 0.11 cm3 in a respiratory cycle and the tumor’s maximum center-of-mass shift was 2.95 cm/1.84 cm on
superior–inferior/anterior–posterior directions. The organ motion during the respiratory cycle was well rendered. The devel-
oped motion phantom has the flexibility of motion pattern variation, organ geometry variation, and tumor modeling variation.
Conclusions: A 4-D computerized phantom was developed and could be used to produce image series with synthetic magnetic
resonance textures for magnetic resonance imaging research of liver motion.
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Introduction

A computerized phantom has been developed and extensively

used as a powerful tool for preliminary demonstration, testing,

evaluation, and improvement of novel medical imaging

techniques.1 Computerized phantoms present a number of
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distinguished advantages over patient samples, including (1)

convenience for implementation, (2) information of human

anatomy and physiology for use as “gold standard” for evalua-

tions of the imaging techniques,2 and (3) flexibilities in simu-

lating different human anatomical and respiratory motions to

study the effects of each individual factor on the accuracy of

the imaging techniques. Previously, a 4-dimensional (4-D)

digital extended cardiac-torso (XCAT) human phantom was

developed for multimodality imaging research.3 The XCAT

phantom consisted of a series of modeled organs with a high

level of human anatomical detail using nonuniform rational

B-splines (NURBS) surfaces. Patient respiratory and cardiac

motions were modeled in 4-D-XCAT based on the informa-

tion obtained from patient 4-D tagged magnetic resonance

imaging (MRI) and 4-D computed tomography (CT) data.

As it was based upon human anatomy and the flexibility of

organ modeling, 4-D XCAT was widely used for high-

resolution X-ray imaging research (X-ray radiograph and

CT) and low-resolution nuclear medicine imaging research

(Positron Emission Tomography [PET] and Single-Photon

Emission Computed Tomography [SPECT]) in the field of

medical imaging studies.4-8

Magnetic resonance imaging is a critical imaging modality

both for diagnostic and for therapeutic applications mainly due

to its superior soft tissue contrast at zero risk of ionizing radia-

tion hazard. In radiation therapy, different 3-dimensional/4-D

MRI techniques have been developed recently for motion

assessment, on-board target motion tracking, and treatment

response assessment.9-17 Extended cardiac-torso has been used

in some pilot studies as a valuable tool to evaluate the accuracy

of the imaging techniques developed. However, the XCAT

phantom currently could only simulate uniform signal intensity

in each organ for pseudo-MR contrast without soft tissue tex-

tures.18 The lack of anatomical details and soft tissue patterns

in these simple approaches may cause potential problems in the

techniques that are image intensity dependent, such as iterative

MR reconstruction and k-space acquisition optimization.19,20

The simulation results were also less relevant to the

clinical situations.

In this work, a 4-D liver computerized phantom was devel-

oped based on the up-to-date version of the 4-D XCAT com-

puterized phantom. In addition to the flexibility of motion

pattern variation, organ geometry variation, and tumor model-

ing variation that are inherent in XCAT, the developed phan-

tom has synthesized anatomical details and soft tissue patterns

extracted from clinical MR images. It can potentially become a

valuable tool for 4-D MRI studies about liver motion.

Materials and Methods

Patient Scan and XCAT Phantom

Magnetic resonance textures in the 4-D liver phantom were

extracted from real patient MR images. A selected prera-

diotherapy liver MR scan was anonymized and used in this

work. The MR scans were acquired using a 1.5-T Magnetom

scanner (Siemens Medical Systems, Erlangen, Germany) with

a dedicated phase-array body coil at axial view. A volumetric

interpolated breath-hold exam (VIBE) sequence was adopted

for T1-weighted imaging.21 The key acquisition parameters

were TR/TE (Repetition time/Echo time) ¼ 4.45/1.40 millise-

conds, flip angle ¼ 15�, in-plane field of view (FOV) ¼ 400 �
400 mm2, slice thickness¼ 4 mm, number of slice¼ 72, image

matrix ¼ 2562 (interpolation, 5122), Number of acquisition

(NEX) ¼ 1. The VIBE protocol was selected because it is the

standard protocol for liver disease assessment in our radiation

oncology clinic. Seven organs with unique anatomical details,

including the liver, gallbladder, spleen, pancreas, stomach, kid-

neys, and heart (as shown in Table 1), were contoured in a

radiation treatment planning system. A region of interest (ROI)

Table 1. List of Defined Structures in the Phantom.a

Category I Category II Category III Category IV

A B A B A A

Liver 95 160 Muscle 40 140 Lungs 18 Rib 32

Gallbladder 82 160 Bodyb 30 80 Airway tree 235 Spine 38

Pancreas 100 112 Static marrowc 30 80 Intestine air 40 Cord 195

Spleen 25 170 Intestine wall 30 85 Esophagus wall 136 Cortical bone 28

Stomachd 85 140 Air 40 Cartilage 140

Kidneyse 90 105 Mobile marrow 135

Heart 45 150

Pericardium

Myocardium 65 150

Heart blood 110 150

Abbreviations: MR, magnetic resonance; XCAT, extended-cardiac-torso.
aA and B are modeled MR signal intensity values with arbitrary units.
bStomach is modeled by stomach wall and stomach content in the XCAT.
cLeft kidney and right kidney are modeled separately. Each kidney is modeled by the cortex and medulla in the XCAT.
dBody is defined as the background tissue not classified as anything else.
eIn the XCAT, Static marrow and mobile marrow are modeled together as bone marrow. Static marrow is defined as the immobile parts (next to the spine) of the

bone marrow. Mobile marrow is defined as moving parts (next to the rib and the cortical bone) of the bone marrow.
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was manually contoured in a larger chunk of muscle for tissue

texture random generation in the study.

In the XCAT phantom, a region covering the chest and

abdomen was defined. In the activity mode, each structure

in the defined region was assigned with a unique activity

number to label its binary mask for segmentation. The 4-D

series of structure masks containing 10 phases in a respira-

tory cycle (5 seconds) was then generated using the refer-

ence motion–time curve, as shown in Figure 1. Each phase

volume was composed of 256 � 256 � 150 voxels with an

isotropic 1.67193 mm3 voxel size. The reference anatomical

geometry in this work and other input parameters can be

found in Supplementary Material I, which summarized the

input file with parameters that are defaults or commonly

adopted ones in XCAT-related research. The end of exhala-

tion (EOE) phase volume was the first volume in the 4-D

series and was selected as the reference volume. The rest of

the phase volumes was considered as deformations of the

reference volume.

Generating Synthetic MRI Volume at the Reference
Phase

The overall workflow of the method is shown in Figure 2 as a

guideline of Methods section. Generally, the structures in the

defined imaging FOV were classified into 4 categories and

were processed differently to generate images with synthesized

MR texture at the reference phase, which was then used to

generate 4-D MRI volumes afterward. Lists of the structures

classified for each category are shown in Table 1. Details about

the process of generating MRI images for each category of

organs are explained subsequently.

Structures in category I. Category I structures were considered as

key structures with unique anatomical details, and these struc-

tures were modeled that were defined in the clinical scan. Each

structure was first assigned with a uniform base intensity value

A. Next, the structure’s corresponding MR volume contoured

in the clinical scan was resampled and registered to the struc-

ture’s binary mask from XCAT in Velocity AI software (Var-

ian Medical Solutions, Palo Alto, California) using deformable

multipass algorithm.22 The intensity values of the deformed

MR volume underwent a linear transformation to set the

volume’s average intensity as B (patient-specific average

intensity value). The adjusted MR volume with the anatomical

details was then superimposed to the structure’s uniform inten-

sity in the reference volume. The resultant structure in the

reference volume had an average intensity value of A þ B.

This “A þ B” design allows customizable adjustment of the

anatomical details’ weights on the final appearance of the

phantom. The provided A and B values are listed in Table 1.

The sum A þ B values were measured from the selected

patient, and the B values were the generalized results of mea-

sured organ intensity variations in multiple patients’ VIBE

images in our radiation oncology clinic.

A spherical hypointensity tumor with a radius of r ¼ 1.5 cm

was added to the upper right liver portion (not shown in the

Figure 2). To achieve a smooth liver/tumor transition, the

tumor’s radial profile was modeled as a fourth-order polyno-

mial, and the tumor’s center intensity value was set about 100

lower than the nearby liver voxels’ intensity values.

Structures in category II. Since category II structures listed in

Table 1 have no particular anatomical landmarks inside their

large volumes, a pattern generation method was adopted to

build nonspecific soft tissue textures within the structures. For

each structure of interest (SOI), the following steps describe the

pattern generation process:

1. A volume mask of 5 � 5 � 5 voxels was randomly

selected within the SOI.

2. A small ROI of the same size was randomly selected

within the contoured muscle region in the clinical

MR scan.

3. The small volume in the clinical MR scan was mapped

to the volume mask in the SOI.

4. Steps 1 to 3 were iteratively implemented. The volume

mask selection in step 1 was regulated by a constraint to

make sure that each voxel would only be selected once

during the iteration. The iteration stopped when no

more 5 � 5 � 5 volume masks could be found within

the SOI.

5. The volume mask size was reduced to 3 � 3 � 3. Steps

1 to 4 were repeated to generate patterns for voxels that

were not included by 5 � 5 � 5 volume masks. The

Figure 1. The reference motion–time curve in this phantom. The

vertical axis represents the percentage of motion amplitude normal-

ized to the maximum displacement between end of exhalation (EOE,

t ¼ 0.0 seconds) and end of inhalation (EOI, t ¼ 2.0 seconds). Blue

dots indicate the time points that are corresponding to the generated

10-phase volumes. Both diaphragm motion and anterior–posterior

(AP) chest motion are modeled by this curve.
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iteration stopped when no more 3 � 3 � 3 volume

masks could be found within the SOI.

6. The volume mask size was reduced to 1 � 1 � 1.

Steps 1 to 5 were repeated to generate patterns for

voxels that were not included in previous iterations.

The iteration stopped when all voxels in the SOI

were modeled.

7. A 5 � 5 � 5 moving average filter was applied to

the SOI’s simulated MR volume for improving the

smoothness.

Finally, the simulated MR volumes of category II structures

were integrated into the reference volume using the aforemen-

tioned A þ B method with the specified values in Table 1.

Structures in category III. Category III structures in the refer-

ence volume were assigned with a uniform value A listed in

Table 1. For the lungs and intestinal air, a simulated MR

noise profile following Rayleigh distribution was added.23

The simulated mean noise level was empirically set as 5 for

both structures.

Structures in category IV. Since the XCAT does not consider the

mechanical properties of different tissue and potential interac-

tions of different tissue types at their boundaries, the deforma-

tion vector fields (DVFs) describing deformations at structures’

surfaces are not fully continuous. This issue is more severe at

the bone/soft tissue surfaces when using the DVF for motion

modeling. To alleviate this issue, the structures in category IV

were firstly modeled as “muscle” or “body” in the reference

EOE volume, depending on the structures’ adjacencies to

“muscle” or “body.” After the 4-D generation in the section

“Generating a Synthetic 4-D MRI Volume Series,” these struc-

tures were assigned with uniform intensities at each phase vol-

ume (including EOE phase) separately.

Generating a Synthetic 4-D MRI Volume Series

Four-dimensional volume series of categories I to III. As shown in

Figure 2, 4-D volumes of the structures in categories I to

III were generated by deforming the reference volume at

EOE phase based on the backward DVFs from XCAT.

These DVFs were generated by XCAT program at vector

mode, and some key technical details for its implementa-

tion can be found in Supplementary Material I. The DVFs

were visually checked and basic morphological repairs

including filling isolated holes and removing spur voxels

were implemented if necessary. The volumes at other

phases were then generated using the processed DVFs and

cubic interpolation method.

Four-dimensional volume series with category IV included. In each

phase volume, the binary masks of category IV structures were

identified. Each category IV structure was assigned with a uni-

form intensity value A listed in Table 1. The static spine mar-

row modeled at the reference phase was also inserted into each

Figure 2. The general workflow of organ/soft tissue modeling of categories I to IV structures.
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phase volume to avoid potential DVF errors at spine marrow

boundaries. To fuse the spine/spine marrow surface for better

texture continuity, an image average filtering using 3 � 3 � 3

moving average filter was included. Finally, a custom-designed

weighted 5� 5� 5 moving average kernel (see Supplementary

Material I) was applied to the whole volume except spine/spine

marrow surface to improve soft tissue smoothness and MR

visual reality.24

A total of three 4-D MR series were generated with large

amplitude breath (maximum diaphragm motion ¼ 3.0 cm,

maximum chest anterior–posterior [AP] motion ¼ 2.0 cm),

normal breath (maximum diaphragm motion ¼ 2.0 cm, maxi-

mum chest [AP] motion ¼ 1.2 cm), and limited amplitude

breath (maximum diaphragm motion ¼ 2.0 cm, maximum

chest AP motion ¼ 0.5 cm). All image processing works were

carried out in the MATLAB environment (R2014b; Math-

Works Inc, Natick, Massachusetts) on a workstation with 16-

GB RAM and a 3.4-GHz clock rate.

Results

Figures 3 and 4 show example slices of all 10 phases containing

the spherical tumor at the axial view and coronal view,

respectively. This 4-D series was simulated with a normal

breath (maximum diaphragm motion ¼ 2.0 cm, maximum

chest AP ¼ 1.2 cm), and the red arrows in the figures indicate

the tumor’s position. The simulated images compare very

favorably to actual clinical MR image appearance. Within the

liver, the detailed anatomical landmarks and soft tissue patterns

render a good illustration of the liver’s variation during the

motion. In addition, different soft tissue regions are smoothly

connected, and the transition between bony structures and soft

tissue are well modeled without visual aliasing.

Figure 5 shows example slices of all 10 phases at the

sagittal view with tumor contours expressed by red shades.

The tumor’s motion can be easily appreciated at the sagittal

view with the red horizontal marker lines. The measured

tumor volume at P1 using VelocityAI software was 13.90

cm3, and the measured tumor volume had limited change

(+0.11 cm3) during the motion. The tumor’s center of mass

shift between EOE (P1) and end of inhalation (EOI; P5)

measured by VelocityAI software was 1.92 cm on super-

ior–inferior (SI) direction and 1.10 cm on AP direction.

These results demonstrate the great potential that this MR

motion phantom has for liver MR motion studies as high-

lighted in the Discussion section.

Figure 3. An example slice of the simulated magnetic resonance (MR) motion phantom at an axial view. The numbers at the upper left corner of

each slice indicate the phase number during the motion. The red arrow in P5 indicates the spherical tumor’s position.

Figure 4. An example slice of the simulated magnetic resonance (MR) motion phantom at a coronal view. The numbers at the upper left corner

of each slice indicate the phase number during the motion. The red arrow in P1 indicates the spherical tumor’s position.
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The liver motions in Figures 3 to 5 are also presented as

animations in a GIF format in the Supplementary Document

II. The constructed three 4-D MR series in this work in raw

format are accessible through the direct request to the

authors.

Discussion

The developed 4-D computerized MRI phantom in this work

can provide a computerized modeling tool of liver motion

simulation with a real patient MR texture. Compared to the

previous effort of MR motion simulation work using the XCAT

activity mode, this MR motion phantom contains abundant

unique anatomical details and soft tissue texture patterns.13,19

As such, it can provide a powerful tool to investigate emerging

techniques of liver motion studies. The creation of population-

averaged MR phantom based on multiple patients’ clinical

image could be essential for potential use of MR simulation

studies, including functional map generation, target auto-

segmentation, and motion assessment. Such work requires

much more efforts from clinical aspects and will be considered

as prioritized direction for our future work.

Structure Modeling

The structures in the defined XCAT FOV were classified into

4 categories with different processing methods. This approach

was motivated by our observations in liver MR imaging for

radiotherapy. Category I structures were considered as key

structures because these structures have more patient-

specific anatomical details and are commonly contoured as

important organs at risk in liver radiotherapy. To simulate

unique anatomical details within structures, the structures’

MR volumes in the clinical patient scan were mapped into

the phantom using the VelocityAI software. The deformation

from the clinical images to binary XCAT masks was success-

ful. At the reference EOE phase, the volume difference

between the deformed 7 category I organs and their binary

masks was about 0.9% +1.0%, which could be seen as indi-

cations of accurate deformation. During the 4-D generation,

the processed DVFs from XCAT were adopted without fur-

ther use of deformable registration.

Category II structures have no particular anatomical land-

marks inside their large volumes. As a result, the MR textures

in category II structures were simulated via an iterative pattern

generation method in the section “Structures in category II.”

The category III structures are associated with lungs and intes-

tines. Since the air in lung and intestines has low signal inten-

sities in T1-weighted MR imaging, uniform intensity

assignment with noise modeling would be sufficient to simu-

late acceptable MR appearance in these structures. Category IV

structures were modeled via the method described in the sec-

tions “Structures in category IV” and “Four-dimensional vol-

ume series with category IV included” to avoid potential errors

at bone/soft tissue boundaries, which are explained in more

details in the section “Challenges in XCAT DVF”. In the

XCAT phantom, the tumor’s inclusion is optional, and it has

to be generated separately from the rest of the body structures.

As such, the optional spherical tumor in this work was not

categorized into any structure group. The tumor’s size and

location could be adjusted to simulate different liver diseases

that may acquire different imaging strategies for tumor motion

tracking for radiotherapy purpose. In addition, the tumor’s

motion can be edited separately as in XCAT to simulate desyn-

chronized (in reference to the liver) tumor motion or irregular

tumor trajectory.25

With the described structure modeling methods, the illustra-

tion of the developed phantom matches closely to the clinical

MR images. Figure 6 shows a comparison of the EOE volume

between the developed MR phantom and the pseudo-MR vol-

ume generated by the current XCAT phantom with uniform

intensity assignment. The developed phantom (left column) is

more realistic than the pseudo-MR volume in terms of overall

image appearance and textured details in the organs and muscle.

Phantom Flexibility

Based on the current version of the XCAT software, the MR

motion phantom in this work has a great deal of flexibility. For

example, the phantom’s motion pattern can be modeled with

patient-specific motion patterns that are derived from external

surrogates for radiation treatment.26 The users are also allowed

to edit the forward DVF based on the reference volume to get

other phase volumes.27 In addition, users can adjust the tumor’s

Figure 5. An example slice of the simulated magnetic resonance (MR) motion phantom at a sagittal view. The numbers at the upper left corner

of each slice indicate the phase number during the motion. The red contours indicate the spherical tumor’s position. The horizontal dash lines

provide a reference to appreciate the tumor’s superior–inferior motion.
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position, shape, and motion patterns through the XCAT pro-

gram. With additional knowledge of XCAT use, the users could

build their customized version of the phantom with altered

phantom geometry or specific organ motion trajectories based

on the provided materials of our phantom. To construct a phan-

tom with a new phantom geometry, a set of 4-D structure mask

series can be generated with altered XCAT input, and the struc-

tures should be remodeled in the workflow as described in

Figure 2. As a simple implementation with less effort of pro-

cessing clinical data, the Demons algorithm can be adopted as a

simple approach to transform the MR volumes of category I

structures at the reference anatomical geometry into a new

one.28 Such operation should be performed for each category

I structure standalone. Figure 7 shows an example of generat-

ing enlarged liver MR volume (V ¼ 2200.00 mL) from the

reference liver MR volume (V ¼ 1975.90 mL) using our in-

house Demons platform. Specifically, the enlarged liver MR

volume (C) can be generated by registering the reference liver

MR volume (A) to the enlarged liver mask (B). The result

image in (C) preserves key image features of (A) with enlarged

area. Then categories II to IV structures that are free of unique

anatomical details can be remodeled without clinical data pro-

cessing. The MR reference volume at a new patient geometry

can then be synthesized by integrating all remodeled structures.

A set of muscle MR volume from an anonymized clinical scan

is available at (Link will be provided later) for soft tissue

pattern generation of category II structures.

Challenges in XCAT DVF

In this phantom, the organs’ motion was implemented with

DVFs exported from XCAT vector mode. Instead of registering

the extracted clinical anatomy of category I organs to each

respiratory phase, the utilization of XCAT DVF allows the

accurate rendering of organ deformation without the introduc-

tion of uncertainties of deformable registrations during at each

phase.29 In addition, the tumor motion can be edited separately

with customized (not necessarily clinical relevant) trajectory

via XCAT vector mode to simulate complicated motion sce-

nario. Hence, the DVF fields can be seen as the ground truth for

the designed motion scenario for validation purpose.

The DVF generated by XCAT, however, is not perfect. In

the XCAT program, organs are modeled by NURBS surfaces

with a limited number of control points. When generating a

volume at an arbitrary time point in the 4-D series, the positions

of each organ’s control points are generated with a low-

resolution DVF, and the organs’ positions are determined by

the derived control points.3 Since the organs are modeled as

homogeneous compositions, this approach works well as the

intraorgan variation during organ motion is not relevant in the

XCAT. However, to describe organ motions in the MR appear-

ance with many intraorgan anatomical details, a full-resolution

DVF describing each voxel’s displacement is mandatory. In

this work, the DVFs exported by the XCAT vector mode were

generated via the interpolation of the control points’ DVF.

Because of the aforementioned discontinuity in the DVF mod-

eling and the potential calculation error, the interpolated full-

resolution DVF may have minor defects. Figure 8A shows an

example slice of the Z-displacement (SI direction) at the EOI

phase. As can be seen, some scattered “holes” are found in the

area within the uniform Z-displacement area. These minor

errors may not cause noticeable aliasing in the deformed MR

volumes, but proper corrections can be included for a more

robust workflow. Such errors can be corrected with basic image

morphological operations as stated in the Methods section.

As mentioned above, category IV structures and the static

marrow in category II had to be modeled at each phase volume

in a manner that is different from the rest of the structures. This

approach was selected to deal with the DVF discontinuity prob-

lem at the bone/soft tissue surfaces. If category IV structures

were modeled only in the reference (EOE) volume as category

III, the deformations of spine and cortical bone in category IV

at the other phase volumes suffer incorrect morphology. As an

example, Figure 8C shows a sagittal view of the EOI phase

volume when category IV structures were modeled in the same

way as category III structures in the reference (EOE) volume.

Because of the DVF discontinuity, some areas near the bone/

soft tissue surfaces were void without proper information. This

led to the dark spurs (“motion residues”) of the spine and the

cortical bone (indicated by red circles). In contrast, when using

the presented method for bony structure modeling in the Meth-

ods section, the bone/muscle surfaces in Figure 8B are well

defined without noticeable aliasing. Although the DVF

approach is not perfect, it is the most common approach for

Figure 6. A comparison of the end of exhalation (EOE) volume

between the developed magnetic resonance (MR) phantom (left

column) and the pseudo-MR volume generated by the current

extended cardiac-torso (XCAT) phantom with uniform intensity

assignment (right column) at axial (A and B), sagittal (C and D),

and coronal (E and F) views.
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clinical deformable image registration and has been incorpo-

rated into clinical standard workflow. An advanced solution

will be the finite element-based modeling with physiological

basis for organ interaction, and we are seeing this solution as a

valuable working direction in the future.

Conclusion

In this work, a 4-D computerized MRI phantom was developed

for liver motion studies with synthetic MR textures from real

patient images. The developed phantom provides a valuable

tool for liver 4-D MR imaging research development and

evaluation.
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17. Von Siebenthal M, Székely G, Gamper U, Boesiger P, Lomax A,

Cattin P. 4D MR imaging of respiratory organ motion and its

variability. Phys Med Biol. 2007;52(6):1547.

18. Cai J, Chang Z, Wang Z, Segars WP, Yin FF. Four-dimensional

magnetic resonance imaging (4D-MRI) using image-based

respiratory surrogate: a feasibility study. Med Phys. 2011;

38(12):6384-6394.

19. Liu Y, Yin F-F, Rhee D, Cai J. Accuracy of respiratory motion

measurement of 4D-MRI: a comparison between cine and sequen-

tial acquisition. Med Phys. 2016;43(1):179-187.

20. Wang C, Yin FF, Kirkpatrick JP, Chang Z. Accelerated brain

DCE-MRI using iterative reconstruction with total generalized

variation penalty for quantitative pharmacokinetic analysis: a fea-

sibility study. Technol Cancer Res Treat. 2017;16(4):446-460.

21. Biederer Jr, Both M, Graessner J, et al. Lung morphology: fast

MR imaging assessment with a volumetric interpolated breath-

hold technique: initial experience with patients 1. Radiology.

2003;226(1):242-249.

22. Stanley N, Glide-Hurst C, Kim J, et al. Using patient-specific

phantoms to evaluate deformable image registration algorithms

for adaptive radiation therapy. J Appl Clin Med Phys. 2013;

14(6):4363.

23. Gudbjartsson H, Patz S. The Rician distribution of noisy MRI

data. Magn Reson Med. 1995;34(6):910-914.

24. Kim S, Quon H, Loevner LA, et al. Transcytolemmal water

exchange in pharmacokinetic analysis of dynamic contrast-

enhanced MRI data in squamous cell carcinoma of the head and

neck. J Magn Reson Imaging. 2007;26(6):1607-1617.

25. Harris W, Yin F, Wang C, et al. T-EF-BRA-08: a novel technique

for estimating volumetric cine MRI (VC-MRI) from multi-slice

sparsely sampled cine images using motion modeling and free

form deformation. Med Phys. 2016;43(6):3898-3899.

26. Liang X, Liu Y, Yin F, Cai J. TH-CD-204-10: probability-driven

sorting method for reconstructing variation-independent 4D-MRI.

Med Phys. 2015;42(6):3734-3734.

27. Iliopoulos A, Pitsianis N, Sun X, Yin F, Ren L. WE-AB-303-09:

rapid projection computations for on-board digital tomosynthesis

in radiation therapy. Med Phys. 2015;42(6):3658-3658.

28. Thirion JP. Image matching as a diffusion process: an analogy

with Maxwell’s demons. Med Image Anal. 1998;2(3):243-260.

29. Paganelli C, Summers P, Gianoli C, Bellomi M, Baroni G, Riboldi

M. A tool for validating MRI-guided strategies: a digital breathing

CT/MRI phantom of the abdominal site. Med Biol Eng Comput.

2017:1-14. DOI: 10.1007/s11517-017-1646-6.

Wang et al 1059



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


