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Abstract

The purpose of this study was to describe a new user‐friendly, low‐cost phantom

that was developed to test the accuracy of rigid and deformable image registration

(DIR) systems and to demonstrate the functional efficacy of the new phantom. The

phantom was constructed out of acrylic and includes a variety of inserts that simu-

late different tissue shapes and properties. It can simulate deformations and location

changes in patient anatomy by changing the rotations of both the phantom and the

inserts. CT scans of this phantom were obtained and used to test the rigid and

deformable registration accuracy of the Velocity software. Eight rotation and trans-

lation scenarios were used to test the rigid registration accuracy, and 11 deforma-

tion scenarios were used to test the DIR accuracy. The mean rotation accuracies in

the X‐Y (axial) and X‐Z (coronal) planes were 0.50° and 0.13°, respectively. The

mean translation accuracy was 1 mm in both the X and Y direction and was tested

in soft tissue and bone. The DIR accuracies for soft tissue and bone were 0.93

(mean Dice similarity coefficient), 8.3 and 4.5 mm (mean Hausdouff distance), 0.95

and 0.79 mm (mean distance), and 1.13 and 1.12 (mean volume ratio) for soft tissue

content (DTE oil) and bone, respectively. The new phantom has a simple design and

can be constructed at a low cost. This phantom will allow DIR systems to be effec-

tively and efficiently verified to ensure system performance.
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1 | INTRODUCTION

In the past decade, many commercial software programs have been

developed to perform deformable image registration (DIR) in clinical

use. The technological developments have called for meticulous

quality assurance procedures before these systems can be used in

the clinic. At present, most efforts to test DIR accuracy have

included landmarks or contours to estimate the error in the displace-

ment of the vector field of the DIR.1–4 However, these evaluations

are limited by the number of objects being tracked.5 A library of vir-

tual phantoms was introduced by Pukala et al.; these were intended

to resemble real cases for the head and neck DIR tests6 but were
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only applicable to cases involving the same treatment characteristic

(e.g., site and imaging modality). Stanley et al. developed a patient‐
specific computational model phantom7 for the prostate gland and

lungs that was mainly based on the finite element modeling frame-

work. Used as ground truth to test a DIR system, it is possible the

deformation may be limited and the test may be biased toward the

finite element‐based registration algorithms. Yu et al. used an

approach to identify the anatomical changes that occur during radia-

tion therapy and created active shape models to generate artificial

CT images with known deformation.8 This approach is limited by the

registration errors of the DIR algorithm that was used to create the

training displacement vector fields, including the interpatient and

intrapatient registration errors.

Normally, a physical phantom is required to accomplish a com-

plete end‐to‐end evaluation of the accuracy of image acquisition and

the DIR process. The phantom defines the dimensions and character-

istics that are used to test the DIR metrics under a variety of condi-

tions. Later on, a motor‐controlled deformable physical phantom was

designed to test lung tissue deformation accuracy.6 However, the

phantom was too large to be practical in a clinical environment

because the scale of deformation could not be accurately quantified.

Wongnum et al. developed a porcine bladder phantom that simu-

lated bladder changes that could occur during the course of radiation

treatment.9 However, this phantom suffered from storage problems

after each use and lacked quantitative information. Singhrao et al.

developed a deformable head and neck phantom using thermoplastic

materials that mimicked head and neck patient anatomy.10 This

phantom used optical markers to measure deformation from the

coordinated information extracted from an optical camera via in‐
house software. To generate deformation, pressure was applied to

the back of the phantom. The authors did not intend for their model

to be used as an end‐user phantom since the use of the phantom

and characterization of the deformation require a considerable

amount of time and expertise. Kirby et al. developed a pelvic phan-

tom that used rubber, mineral‐filled plastic, and nylon bolts to simu-

late a real patient.11 However, the phantom required special

knowledge and materials that are not available to all DIR users.

Other anthropomorphic phantoms have been developed for quality

assurance,12, 13 but they have not had the ability to simulate a vari-

ety of tissue deformations and location changes. A validation method

based on physician‐drawn structure contours or physician‐picked
anatomical landmarks has also been widely used.14 However, this

approach is time‐consuming and inevitably suffers from interobserver

and intraobserver variability. Recently, a new virtual phantom was

published in the American Association of Physics in Medicine

(AAPM) task group 132 report, which can be downloaded online, to

test DIR accuracy.15 This virtual phantom has several limitations. It

uses image offset instead of physical phantom movement to test the

rotation, translation, orientation accuracy. Therefore, the end‐to‐end
test of accurate data representation, image transfer, and integrity

verification between image acquisition devices and image registration

systems cannot be performed. The phantom also uses fixed insets

and shapes of which a contour deformation cannot be simulated and

the test of DIR accuracy cannot be simultaneously performed under

rotation, translation, and deformation conditions. In addition, the DIR

test used an anthropomorphic pelvis phantom, which has limited

image contrast. The high (lung) and low (brain) contrast subjects

were not included and cannot be validated under such clinical condi-

tions. Although there are numerous methods to independently vali-

date DIR systems, all of them demand a great deal of resources and

time.

The purpose of this study was to design and develop a user‐
friendly, low‐cost physical phantom that would be capable of testing

rigid and DIR accuracy in a streamlined and seamless fashion (provi-

sional patent application, Attorney Docket No.: UTSC.P1357US.P1).

The phantom was constructed using a variety of inserts simulating

different shapes and properties of human tissue. These inserts can

be arranged to simulate rigid or deformable changes in the patient

anatomy as compared with its reference position. This phantom has

labeled dimensions, which facilitates quantitative measurements for

accuracy tests of both rigid and deformable registration. It can be

imaged with CT, MRI, and PET/SPECT scanners to test DIR accuracy

of multiple imaging modalities. Users can also use different materials

in the inserts to test the DIR accuracy in a wide variety of clinical

situations using both high‐ and low‐contrast media.

2 | MATERIALS AND METHODS

2.A | Phantom design

The design of the phantom (called Wuphantom, named after the

designer) is shown in Fig. 1(a). The main body of the phantom is fab-

ricated from acrylic plastic with a density of 1.02 g/ml, which is

slightly heavier than water. A phantom holder was constructed to

allow tilting and rotation [Fig. 1(b)]. There are two round insert slots

[Fig. 2(a)] with engraved marks to indicate the rotation (in degrees)

of the inserts. The two inserts have internal cavities that can be

filled with different materials of interest. A cap with a rubber seal is

provided to enclose the inserts to prevent leakage. The insert inter-

nal cavities are located off the central axis so that when the inserts

are rotated, the position of the center will simulate changes in con-

tour location due to body deformation [Fig. 2(b)]. The Wuphantom

has overall dimensions (cm) of [20 L × 20 W × 15 H (depth)].

Three large cavity inserts were made in different shapes: circle,

oval, and tree, simulating deformed contours from the original circle

[Fig. 2(c)]. The oval shape represents commonly deformed contours,

and the tree shapes can simulate irregularly deformed contours. The

phantom can be tilted and rotated to test rigid image registration.

Each of the inserts can also be rotated to simulate contour changes

in both shape and location compared to the reference circle, which

is usually used as the reference. Each insert cavity can be indepen-

dently filled with solid or liquid materials with different densities,

simulating different types of tissue in patients. A smaller cavity was

constructed on the right side of the phantom to accommodate com-

mercially available RMI inserts (Gammex, Inc.) with known densities

[Fig. 2(a) and 2(d)] and test the location changes of different types
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of tissue with known electron densities. We performed quality assur-

ance on the phantom construction. The phantom rotation and tiling

angle were within 0.12° of accuracy.

2.B | Phantom image acquisition

Images of the Wuphantom were acquired using a Siemens Definition

Edge computed tomography (CT) scanner with a voxel resolution of

0.98 × 0.98 × 2 mm. The scanning was performed using the estab-

lished head and neck CT protocol (35 cm FOV, 120 kvp, 2.0 mm slice

thickness, and 300 mA). The CT images were then transferred to a

Velocity Workstation (Varian, Inc.). To obtain the reference image, the

phantom was placed on the base with the large circle insert filled with

Mobile DTE oil and the small circle insert filled with a bone plug (CB2

30%) from an RMI phantom (Gammex, Inc.). Mobile DTE oil has a den-

sity of 0.95 g/ml, representing soft tissue. The bone insert has a

(a) (b)

F I G . 1 . The Wuphantom is made of
acrylic with two insert cavities and a base
that allows tilting and rotation. (a)
Reference position. (b) The base has 15° of
tilting and rotation.

(a) (b)

(c) (d)

F I G . 2 . (a) Engraved marks indicate the
degree of the rotation of inserts. Two
inserts can be filled with different materials
to simulate a change in tissue. The large
insert on the left is filled with DTE oil
(ExxonMobil, USA). The small insert on the
right is a bone plug from an RMI phantom.
(b) After 90° of rotation for both large and
small inserts, the center location of both
inserts changed compared with the
reference location (without rotation). (c)
Large cavity inserts were created in three
different shapes: circle, oval, and tree. A
rectangular insert was created for future
use. (d) RMI inserts with known electron
densities that can facilitate the test of the
location change of different types of
tissue. Soap and oatmeal were used in the
insert when performing the DIR test
simulating different tissue characteristics.
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density of 1.33 g/ml. All of the alignment marks (insert rotation, phan-

tom tilting, and rotation) were set at 0° during the acquisition of the

reference image set. Finally, contours were delineated for large and

small inserts using a predefined threshold CT# range.

2.C | Image registration tests

2.C.1 | Rigid image registration test for rotation and
translation

After the reference image scans were taken, a new phantom image

set (also called secondary images) was acquired after tilting and

rotating the base by 5° and 15° counterclockwise, respectively

[Fig. 3(a)], to test the system's rigid registration under the predeter-

mined degrees of angle of rotation. For translation accuracy tests,

another set of phantom secondary images was acquired by rotating

both the large circle and the small circle inserts to create a location

change of the insert in the X and Y directions for comparison with

the original reference images. For these tests, the large insert was

filled with DTE oil and the small insert was filled with a bone plug

for simulating location changes for soft tissue and bone.

For the X direction movement test, the large insert (DTE oil) and

small insert (bone) were rotated from 0° to 180° relative to the

reference position. This produced a distance displacement of 20 mm

in the X direction for both density inserts used [Fig. 3(b)]. For testing

movement in the Y direction, the large insert was rotated from 270°

to 90°, and the small insert was rotated from 225° to 45°, simulating

displacements of 20 and 14.1 mm, respectively, in the Y direction.

The images were first roughly registered using manual alignment by

shifting and rotating the secondary image. A region of interest that

encompassed the whole phantom was drawn. The Velocity rigid reg-

istration process was used to align the two image sets.

2.C.2 | Deformed image registration test

The secondary images for the DIR accuracy tests were acquired by

replacing and rotating the circular and oval‐ and tree‐shaped inserts.

This was done to simulate tissue deformation from a circular shape

to another circular shape or an irregular shape (oval or tree). Rotat-

ing the inserts to a different degree simulates the location changes

for the contours of interest. Shown in Fig. 4 are 11 combined con-

tour deformation scenarios that simulate both contour deformation

and location changes. The small circle (filled with the bone plug) had

both rotation and nonrotation conditions, simulating the clinical con-

dition in which only soft tissue had deformation and there was no

(a)

(b) (c)

F I G . 3 . (a) The phantom had 15° of
tilting and 15° of rotation. (b) The large
and small circular inserts were rotated
180° to create a 2‐cm location change in
the X direction compared to the reference
image (overlaid). (c) The large and small
circular inserts were rotated 270° and
225°, respectively, to create a 2‐cm
location change in the Y direction for the
large circle and 1.41 cm for the small circle
compared to the reference image (90° and
45° overlaid).

148 | WU ET AL.



bone deformation. We used the rigid and deformable multipass tool

in the Velocity software program to perform the DIR process for all

the selected secondary image sets. All of the corresponding contours

were propagated into the secondary image sets.

2.D | Accuracy of DIR

The accuracy of the DIR of a contour can be characterized by three

major factors: the conformity index (also called the Dice coefficient

index), the maximum surface distance (also called the Hausdouff dis-

tance), and the volume ratio. The conformity index is defined as the

ratio of twice the overlap of two structures over the sum of their

volumes. This method is widely used in DIR comparisons.16 The con-

formity index ranges from 0 to 1, denoting the degree of a perfect

match between the two structures:

D A;Bð Þ ¼ 2jAandBj= jð Aj þ jBjÞ

where A and B are the two sets. More simply, this formula repre-

sents the size of the union of two sets divided by the average size

of the two sets. A value of 0 indicates no overlap, and a value of 1

refers to perfect agreement. Higher numbers indicate better agree-

ment. The maximum surface distance is the greatest of all the

distances from a point in the original contour to the closest point of

the deformed contour:

h A;Bð Þ ¼ maxa∈Afminb∈B d a; bð Þf gg

where a and b are points belonging to sets A and B, respectively.

The volume ratio is defined as the ratio of the deformed volume to

the reference volume:

Volume ratio ¼ deformed volume ðccÞ=reference volume ðccÞ

3 | RESULTS

Table 1 shows the results of rigid registration tests for eight com-

bined scenarios of the phantom and base rotations. The mean abso-

lute difference between the measured and indicated angles were

0.5° and 0.13°, respectively, for the tilting and rotation. Test results

for the phantom translation cases are displayed in Table 2. The mean

difference in the measured distance between the movement of the

large circle (DTE oil) and small circle (bone) was 1 mm in the X and

Y directions. For the DIR test results shown in Table 3, the mean

conformity index value was 0.93 for soft tissue contours (circular

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k)

F I G . 4 . The contour deformation and location change were simulated by changing and rotating the inserts. (a) Circle rotation = 90°, bone
rotation = 90°. (b) Circle rotation = 180°, bone rotation = 180°. (c) Circle rotation = 270°, bone rotation = 225°. (d) Oval rotation = 0°, bone
rotation = 0°. (e) Oval rotation = 90°, bone rotation = 0°. (f) Oval rotation = 180°, bone rotation = 0°. (g) Oval rotation = 270°, bone
rotation = 0°. (h) Tree rotation = 0°, bone rotation = 0°. (i) Tree rotation = 90°, bone rotation = 0°. (j) Tree rotation = 180°, bone rotation = 0°.
(k) Tree rotation = 270°, bone rotation = 0°.
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and oval‐ and tree‐shaped inserts filled with DTE oil) and bone con-

tours. Similarly, the maximum surface distances were 8.3 mm for soft

tissue contour and 4.56 mm for bone. The mean surface distances

were 0.95 and 0.79 mm for soft tissue and bone, respectively. The

mean volume ratios between the deformed volume and the refer-

ence volume were 1.13 for soft tissue and 1.12 for bone. The vol-

ume ratio is slightly higher at 270° than 90° for circle‐ and olive‐
shaped inserts and slightly lower for tree‐shaped inserts (1.11 vs

1.08). We believe this may be due to the magnitude change of loca-

tion after the deformation of contours. It should be noted that all of

the accuracy test results were well within the range recommended

by medical physics community and the AAPM TG 132 report.15

The Velocity DIR system uses a B‐spline algorithm and mutual infor-

mation‐based registration. We also performed DIR tests for materials of

different densities, which are listed in Table 4. We selected water, dish

soap, and oatmeal to test contours that have a similar density (i.e., dish

soap [density = 1.03 g/ml] to DTE oil [density = 0.95 g/ml]) on DIR reg-

istration, simulating tumor shrinkage or softening during the course of

the radiation treatment. We also tested low‐density material deforma-

tion (i.e., oatmeal to oatmeal [density = 0.56 g/ml]) for simulating lung

tissue deformation. These results are shown in Table 5.

4 | DISCUSSION

To the best of our knowledge, all of the physical phantoms used

for DIR testing have either lacked quantitative testing capability or

cannot simulate contour deformation and location changes to

mimic real patient anatomical changes during the course of treat-

ment. They all demand a great deal of resources and experts to

conduct testing. Our new acrylic phantom has a simple design and

includes a variety of inserts that are provided to simulate different

tissue shapes and properties. As mentioned earlier, this phantom

can simulate deformations and location changes in patient anat-

omy by changing the rotations of both the phantom and the

inserts. Both rigid and DIR accuracy can be verified with this sin-

gle phantom effectively and efficiently to ensure system perfor-

mance.

It has been reported that the accuracy of DIR algorithms has

been tested inconsistently.17–21 A multi‐institution study was con-

ducted to provide a consistent and direct comparison of the vari-

ous algorithms and the performance of different systems.22 The

report indicated that there were large discrepancies in shifts and

the DIR accuracy was equivalent to the voxel size. Our goal in

this study was to design a phantom that could be used by any

cancer institution that uses DIR in the clinic, either for commis-

sioning or for quality assurance after DIR software upgrades. The

phantom is made of acrylic and uses the existing plugs from an

RMI phantom, which are available at most cancer treatment cen-

ters. It also requires less crafting, making it favorable for mass

production at a low cost. We believe it has potential as a

prototype phantom for national accreditation purposes to stan-

dardize the performance evaluation of all DIR systems across the

country.

TAB L E 1 Phantom rotation accuracy test results of rigid registration.

Rotation test

Indicated tilting
angle (degree)

Measured tilting
angle (degree)

Absolute
difference (degree)

Indicated rotation
angle (degree)

Measured rotation
angle (degree)

Absolute
difference (degree)

Reference T0B0 0 0 0 0 0 0

T5B0 5 5.6 0.6 0 0.0 0.0

T15B0 15 15.2 0.2 0 0.0 0.0

T0B5 0 0.6 0.6 5 5.0 0.0

T0B15 0 0.1 0.07 15 15.1 0.1

T5B5 5 5.5 0.5 5 5.1 0.1

T5B15 5 5.7 0.7 15 14.9 0.1

T15B5 15 15.4 0.4 5 4.8 0.2

T15B15 15 15.9 0.9 15 14.5 0.5

Mean 0.50 0.13

T, phantom tilted degree; B, phantom base rotation degree.

TAB L E 2 Phantom translation test results of rigid registration.

Translation test

Large circle moved
distance from insert
rotation (mm)

Measured large
circle moved
distance (mm)

Small circle moved
distance from insert
rotation (mm)

Measured small
circle moved
distance (mm)

Mean difference
(mm)

X direction 20 19.6 20 18.4 1.0

Y direction 20 20.8 14.1 15.3 1.0
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Multimodality DIR is valuable in surgical planning that requires

clear delineation of soft tissue (e.g., spinal cord, cerebrospinal fluid,

and nerve bundles). There is also a substantial clinical need for mag-

netic resonance imaging (MRI) and CT registration in radiation oncol-

ogy, especially for central nervous system sites. Reaungamornrat

et al. used target points from real patient MRIs to test the modality‐
independent neighborhood descriptor demons, a deformable regis-

tration of MR and CT.23 Image registration errors on commercial

software using MRI have not been widely studied. Recently, there

has been research on the use of synthetic images derived from

patient longitudinal deformations and porcine phantoms implanted

with markers for MRI DIR accuracy tests.24 The phantom that we

developed in this study can also be imaged with MRI and includes

inserts that can be filled with materials of various densities simulat-

ing tissue that has low imaging contrast, i.e., brain. Future work

needs to be performed in this area.

The DIR software provided by several vendors provides tools

such as CT to CT registration, positron emission tomography‐CT
fusion, MRI to CT fusion, custom contour atlas creation, dose defor-

mation, and adaptive re‐contouring. The focus of the Wuphantom

design was rigid image registration, DIR, and adaptive re‐contouring
accuracy tests. Our phantom can be filled with a solution mixed with

F‐18 or Tc‐99 m for positron emission tomography/single‐photon
emission CT imaging registration tests or embedded with thermolu-

minescence dosimeter (TLDs) for dose deformation validation.

There are limitations in the current study. Although the prelimi-

nary test results indicate that the Velocity adaptive re‐contouring
tool provides reasonably good estimates of contours generated from

the original CT image set, the inserts were filled with uniform con-

tents (DTE oil, dish soap, oatmeal, and bone) and contoured accord-

ingly. Actual patient contours will have varied CT# within the

volume (i.e., the clinical target volume encompassing the gross tumor

and surrounding tissue). As a result, the inserts will need to be

tested with mixed contents in the future. Our test used a standard

head and neck CT scan protocol for both the reference and sec-

ondary images. It should be pointed out that the registration results

for both rigid and deformable modalities were not fully evaluated

when the scan protocol changed (i.e., noise value changes due to

auto mAs use or slice thickness changes). Cone beam CT has been

used as a main imaging tool for future online adaptive therapy. The

accuracy of cone beam CT vs conventional CT registration would

need to be fully studied prior to clinical use. Further work needs to

be performed in this area.

5 | CONCLUSIONS

We have developed a physical phantom that can provide a complete

end‐to‐end evaluation of the accuracy of rigid and DIR system. The

phantom has defined dimensions and a variety of inserts that can

change the shape and contents, simulating different tissue character-

istics. The phantom has a low cost; thus, it is widely accessible to

clinics throughout the country and world.
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