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Abstract

Background and purpose: Magnetic resonance imaging (MRI) has gained popularity

in radiation therapy simulation because it provides superior soft tissue contrast,

which facilitates more accurate target delineation compared with computed tomog-

raphy (CT) and does not expose the patient to ionizing radiation. However, image

registration errors in commercial software have not been widely reported. Here we

evaluated the accuracy of deformable image registration (DIR) by using a physical

phantom for MRI.

Methods and materials: We used the “Wuphantom” for end‐to‐end testing of DIR

accuracy for MRI. This acrylic phantom is filled with water and includes several fill-

able inserts to simulate various tissue shapes and properties. Deformations and

changes in anatomic locations are simulated by changing the rotations of the phan-

tom and inserts. We used Varian Velocity DIR software (v4.0) and CT (head and

neck protocol) and MR (T1‐ and T2‐weighted head protocol) images to test DIR

accuracy between image modalities (MRI vs CT) and within the same image modality

(MRI vs MRI) in 11 rotation deformation scenarios. Large inserts filled with Mobil

DTE oil were used to simulate fatty tissue, and small inserts filled with agarose gel

were used to simulate tissues slightly denser than water (e.g., prostate). Contours of

all inserts were generated before DIR to provide a baseline for contour size and

shape. DIR was done with the MR Correctable Deformable DIR method, and all

deformed contours were compared with the original contours. The Dice similarity

coefficient (DSC) and mean distance to agreement (MDA) were used to quantita-

tively validate DIR accuracy. We also used large and small regions of interest (ROIs)

during between‐modality DIR tests to simulate validation of DIR accuracy for organs

at risk (OARs) and propagation of individual clinical target volume (CTV) contours.

Results: No significant differences in DIR accuracy were found for T1:T1 and T2:T2

comparisons (P > 0.05). DIR was less accurate for between‐modality comparisons

than for same‐modality comparisons, and was less accurate for T1 vs CT than for T2
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vs CT (P < 0.001). For between‐modality comparisons, use of a small ROI improved

DIR accuracy for both T1 and T2 images.

Conclusion: The simple design of the Wuphantom allows seamless testing of DIR;

here we validated the accuracy of MRI DIR in end‐to‐end testing. T2 images had

superior DIR accuracy compared with T1 images. Use of small ROIs improves DIR

accuracy for target contour propagation.
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1 | INTRODUCTION

The use of magnetic resonance imaging (MRI) for radiation therapy

simulations has gained popularity because it provides superior soft

tissue contrast compared with conventional computed tomography

(CT), potentially allowing more accurate target delineation without

exposing the patient to unnecessary ionizing radiation. Co‐registra-
tion of two image sets using deformable image registration (DIR)

before and during treatment is used to create a foundation for delin-

eating targets1 to judge the need for adaptive radiation therapy.

However, DIR errors in commercial software used with MRI have

not been widely reported.

Use of image registration to improve the assessment of disease

response is an area of active research.2 Notably, the magnitude of

changes in tumor location and shape in actual patients over the

course of treatment can be substantial or minimal,3,4 with the accu-

racy of DIR varying accordingly. Moreover, registration errors made

at an individual fraction of treatment affect the delivery of that

fraction only, whereas systematic errors (including operator error)

affect the delivery of all treatment fractions.5 Tyran et al.6 in evalu-

ating the reliability of an MR‐guided online adaptive radiation

therapy decision‐making process, concluded that daily review was

not reliable for determining the need for adaptive radiation therapy,

arguing that an online predicted plan, based on deformed and man-

ually adjusted contours, should be generated for every fraction.

Therefore, adequate DIR accuracy for propagating contours is

essential to ensure the proper use of online adaptive radiation

therapy.

Ger et al. evaluated a DIR system with synthetic images derived

from patient longitudinal deformations and a porcine phantom with

implanted markers.7 Tait et al. investigated the use of DIR in gyneco-

logic brachytherapy to combine MRI guidance and CT‐based plan-

ning for optimizing placement of brachytherapy sources. In that

study, DIR provided MRI guidance for CT‐based planning, which

facilitated improved target volume delineation and dose escalation

while minimizing toxicity to surrounding organs at risk.8 The stability

of DIR for clinical purposes is affected by several factors, including

image registration algorithms, input image quality, and regularization

methods.5 The quality of image registration can be affected by other

factors as well, including user experience and method.9 An MRI‐com-

patible phantom is needed that is sophisticated enough for “bench-

marking” the uncertainties introduced by MRI‐only treatment

planning and MR‐image–guided radiation therapy.

Several MRI‐compatible phantoms have been developed, but to

date all have had limitations. For example, Cunningham et al. devel-

oped a pelvis phantom to validate the MR‐image‐guided radiation

therapy workflow.10 Unfortunately, this phantom cannot be used to

test DIR accuracy because of the lack of quantitative measurements.

De Brabandere et al. developed a CT‐ and MRI‐compatible prostate

phantom that can be used to assess the accuracy of 3D image‐based
reconstruction techniques.11 Niebuhr et al. developed the ADAM‐
pelvis phantom, which is anthropomorphic, deformable, and multi-

modal.12 However, to date no standard physical phantom has been

developed that allows end‐to‐end testing of the accuracy of DIR in

MRI‐guided simulation and treatment delivery.

Regarding digital phantoms, the American Association of Physi-

cists in Medicine (AAPM) task group report 1325 describes digital

phantom images generated by ImSimQA software (Oncology System

Limited, Shrewsbury, UK) that can be downloaded for MRI DIR test-

ing. However, digital phantoms have many limitations, chief among

them being that using digital phantoms would bypass the testing

component of the MRI scanner, thereby making end‐to‐end testing

of individual clinics with specific MRI units and DIR systems not pos-

sible.

The aim of this study was to use a previously reported physical

phantom to evaluate the accuracy of DIR in T1‐weighted (T1) and

T2‐weighted (T2) MRI and CT, with comparisons made within the

same imaging modality (e.g., T1 vs T1 and T2 vs T2) and between

different modalities (inter‐imaging modalities; e.g., T1 vs CT and T2

vs CT). We also assessed the accuracy of DIR between modalities by

varying the sizes of regions of interest (ROIs) in the phantom vol-

ume. Our goal in this study was to demonstrate a method of bench-

marking a DIR system to ensure the accuracy of contour

propagation for adaptive radiation therapy.
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2 | METHODS AND MATERIALS

2.A | Phantom design

The physical Wuphantom (US patent pending) was used previously

to test the accuracy of DIR for CT and for CBCT.13,14 This acrylic

phantom includes a variety of inserts that simulate different tissue

shapes and properties (Fig. 1). For MRI testing, the base of the

Wuphantom was filled with water to make it visible on MRI. Defor-

mations and changes in tumor locations are simulated by changing

the rotations of both the phantom and its inserts. Three large cav-

ity inserts were created in different shapes (circle, oval, and irregu-

lar) to simulate contours deformed from the original (baseline)

shape (the circle). Both large and small circular inserts can be

rotated to different degrees to mimic location changes in the X and

Y directions for translation testing. For DIR testing, the inserts were

rotated to simulate contour changes in the shape and location

compared to the circle, which is usually used as the reference. Each

large insert cavity was filled with Mobil DTE oil (ExxonMobil,

Houston, TX, USA), the density of which (0.95 g/mL) represents that

of fatty tissue, to volumes of 97.5 mL, 68.8 mL, and 61.1 mL. A

smaller cavity on the right side of the phantom [Fig. 1(a)] has an

insert containing 27.4 mL of 5% (w/v) agarose gel, to simulate

tissues that are slightly denser than water. The image contrast

was varied by using different agarose gel concentrations (0%, 0.5%,

1.0%, 2.0%, and 4.0%). The density of the 4.0% agarose gel is

similar to that of prostate tissue (derived density of 1.036 g/mL),

and its visualization characteristics on MRI are similar to those of

prostate tissue.15 Although many other materials can be used to

simulate human tissues under MRI,16,17 we focused here on

Mobil DTE oil and agarose gel to facilitate the study of low‐con-
trast subjects.

2.B | MR and CT image acquisition

MRI scans were obtained with a 1.5 T MRI Siemens MAGNETOM

Aera scanner (Siemens, Inc., USA) with 8 × 2‐element flat head coils

and a flat insert table. We selected 130 slices with an axial field of

view of 25.6 cm and a superior–inferior slice direction (slice thickness

of 2 mm) to cover the spatial region encompassing the entire phantom

volume. CT images were also acquired with a Siemens Definition Edge

CT scanner. Image acquisition parameters for CT and MRI are given in

Table 1. All of the MR and CT images were transferred to a Velocity

Workstation version 4.0 (Varian Medical Systems, Palo Alto, CA, USA).

To acquire reference images for both CT and MRI, the Wuphan-

tom was placed on the base with 0° tilt and rotation, and the align-

ment marks (insert rotation, phantom tilting, and rotation) were set

at 0°, the circular insert in the left large cavity was filled with DTE

oil, and the smaller circular insert on the right cavity was filled with

agarose gel. Images for DIR accuracy tests were acquired by replac-

ing the circular insert with the oval or irregularly shaped inserts, and

the inserts were rotated to different degrees to simulate location

changes. We used 11 combined shape‐deformation scenarios to sim-

ulate both object deformation and location changes (Table 2). Sample

images showed that the contrast inserts simulating the tumor and

surrounding tissue in the Wuphantom were distinguishable on all CT

and T1 and T2 MR images (Fig. 2).

2.C | Image registration

Image registration was done with Varian Velocity DIR software (ver-

sion 4.0). Images were first registered using manual alignment by

shifting and rotating the secondary image. Next, an ROI was drawn

to encompass the whole phantom. Within this ROI, images were

aligned first using Velocity rigid registration, which uses mutual

(a) (b)

F I G . 1 . The Wuphantom consists of an acrylic frame and a base that can be tilted or rotated by 15°. For the tests reported here, the base is
filled with water. The phantom has two cavities, a large one on the left and a small one on the right, and each cavity can be filled with inserts
that can be filled with liquids to simulate different tissue densities. (a) The large insert (left) is filled with Mobil DTE oil, and the small insert
(right) with a 4% agarose gel solution. (b) Three large inserts were made; the oval and irregular inserts represent contours deformed from the
circle (baseline). White dots indicate caps through which liquids can be added to each insert.
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information to align anatomy. DIR was done with the MR Cor-

rectable Deformable method. The MR correction applies a fade cor-

rection to the image to correct for shading artifacts resulting from

heterogeneities in the magnetic field.

2.D | Contour propagation

Before DIR, contours were delineated for the large and small inserts

[Fig. 3(a), (c), (e)] with a predefined threshold for both CT and MRI.

This provides a “ground truth” for contours of various shapes for

quantitative validation. After DIR, all of the contours were propa-

gated from reference images (T1, T2, and CT) to images obtained

from the other settings (secondary images). The overlay of the con-

tours of various shapes after DIR is shown [Figs. 3(b), (d), and (f)].

2.E | DIR accuracy

Quantitative comparisons of the contours can be done with several

metrics. Two commonly used approaches are the Dice similarity coeffi-

cient (DSC)18 and mean distance to agreement (MDA),19 also known

as the mean distance to conformity. The DSC is defined as the ratio of

twice the overlap of two structures (A and B) over the sum of their vol-

umes and is widely used in DIR comparisons. DSC (A, B) = 2(A ∩ B)/

(A + B). The DSC ranges from 0 to 1, with higher values indicating

matter match or agreement between two structures. MDA is a geo-

metric parameter that measures the mean voxel shortest distance

from the surface of one structure to another (ideal = 0 mm).

2.F | Statistical analysis

All DSC and MDA data were compared between the MRI and CT

scans in paired sample analyses; Wilcoxon matched‐pair nonparamet-

ric tests20 were used to evaluate differences between MRI and CT reg-

istration. A probability value of P ≤ 0.05 was considered statistically

significant. All statistical analyses were calculated using R statistical

software (R Foundation for Statistical Computing, Vienna, Austria).

3 | RESULTS

Registration of images obtained with the same modality (CT vs CT, T1

vs T1, or T2 vs T2) showed no differences in DIR accuracy for the T1:

T1 and T2:T2 comparisons (P > 0.05). For both the T1:T1 and T2:T2

comparisons, mean (±SD) DSC values for fatty tissue (oil) were

0.88 ± 0.08, and those for prostate (agarose gel) were 0.92 ± 0.05

(Table 3). Comparisons in DSC values for MRI vs CT DIR are also

shown in Table 3 and illustrated graphically in Fig. 4. MDA values dif-

fered slightly in the T1:T1 and T2:T2 comparisons for both fatty tissue

and prostate (Table 3). The mean DSCs for between‐modality DIR

were similar for T1 vs CT and for T2 vs CT for fatty tissue (T1 vs. CT =

0.71, T2 vs. CT = 0.80) and for prostate (both T1 vs CT and T2 vs

CT = 0.90) (Table 3). As for the MDA values, the mean MDA for pros-

tate was similar in T1 vs CT and T2 vs CT comparisons (1.15 mm and

1.16 mm), but the mean MDA values for fatty tissue were different for

T1 vs CT (4.57 mm) and T2 vs CT (2.86 mm) (Table 3, Fig. 5). In other

words, DIR accuracy was lower for between‐modality comparisons (T1

or T2 vs CT) than for same‐modality comparisons (T1 vs T1 or T2 vs

T2), and the accuracy was also lower for T1 sequences than for T2

sequences (P < 0.001) for both fatty and prostate tissues.

We also compared the effects of ROI size (large vs small) on

between‐modality DIR (Fig. 6). The volume of the large ROI, which

encompassed the entire phantom, was 20 cm × 20 cm ×14 cm; the

TAB L E 1 Acquisition parameters for MRI and CT images.

Acquisition technique MRI T1 MRI T2 CT scan

Slice thickness (mm) 2.0 2.0 2.0

Sequence Echo Fast spin echo

Flip angle 20 180

TR (ms) 7.38 4800

TE (ms) 4.77 80

Pixel bandwidth (Hz) 400 300

Acquisition pixel size (mm) 0.5 0.5 0.98

Matrix size 512 × 512 512 × 512 512 × 512

Slice spacing (mm) 0 0 0

Field of view (mm) 256 256 350

KV 120

mA 300

CT, computer tomography; KV, kilovoltage; TR, pulse sequence repetition

time; TE, echo time; T1, T1‐weighted MRI sequence; T2, T2‐weighted

MRI sequence.

TAB L E 2 Eleven combined contour deformation scenarios to
simulate both contour deformation and location changes.

Phantom insert rotation

Measured Inserts Volume, cm3*

Circle/Oval/
Irregular Agarose gel

Circle 0, agarose gel 0

(reference image)

100.1 48.1

Circle 90, agarose gel 45 100.5 48.1

Circle 180, agarose gel 180 105.4 46.2

Circle 270, agarose gel 225 98.1 47.3

Oval 0, agarose gel 0 68.3 46.8

Oval 90, agarose gel 0 68.9 47.4

Oval 180, agarose gel 0 68.9 46.9

Oval 270, agarose gel 0 68.1 47.4

Irregular 0, agarose gel 0 58.3 48.3

Irregular 90, agarose gel 0 58.8 48.1

Irregular 180, agarose gel 0 58.5 47.2

Irregular 270, agarose gel 0 58.7 46.8

All large inserts were filled with Mobil DTE oil (to simulate fatty tissue);

smaller inserts were filled with agarose gel (to simulate prostate tissue).

Abbreviations: Circle, large insert with a circle shape; agarose gel, small

insert with agarose gel; oval, large insert with an oval shape; irregular,

large insert with an irregular shape.

WU ET AL. | 169



volume of the small ROI was 8 cm × 8 cm ×7 cm. The smaller ROI

was drawn around the oil‐filled (fatty tissue) insert to simulate a CTV.

Using a small ROI improved the DIR accuracy for both T1 and T2

images. For T1 images: DSClarge = 0.71, DSCsmall = 0.92 [P < 0.0003];

and MDAlarge = 4.5 mm, MDAsmall = 1.5 mm [P < 0.0003] for T2

images: DSClarge = 0.8, DSCsmall = 0.96 [P < 0.001]; and MDAlarge =

2.86 mm, MDAsmall = 0.61 mm [P < 0.0001].

4 | DISCUSSION

We report here use of the Wuphantom to quantitatively evaluate

the accuracy of DIR for CT and two sequences of MRI. The tests

included both within‐modality comparisons (T1 vs T1 and T2 vs T2)

and between‐modality comparisons (T1 vs CT and T2 vs CT). DIR

was less accurate for between‐modality than for same‐modality com-

parisons. All of the results (except for T1 vs CT) were within the

AAPM’s recommended thresholds (DSC > 0.8 and MDA < 3 mm).

DIR accuracy was better for T2 images than for T1 images on

between‐modality comparisons. We also found that using a small

ROI improves the accuracy of DIR for target contour propagation.

The DIR process has uncertainties regardless of the algorithm cho-

sen. For areas with very low tissue contrast, registration can be prone

to inaccuracies.21 Registration can be defined by nine criteria:22

dimensionality, nature of the registration basis, nature of the transfor-

mation, domain of transformation, interaction, optimization procedure,

(a) (d) (g)

(b) (e) (h)

(c) (f) (i) F I G . 2 . CT and MR images of the
Wuphantom under similar viewing
(window/level) conditions. Inserts (oval/
irregular) at left are filled with DTE oil to
simulate fatty tissue; inserts at right are
filled with agarose gel (to simulate prostate
tissue). Top row (a, d, g) is CT images;
middle row (b, e, h) is T1 images; and
bottom row (c, f, i) is T2 images.

(a) (c) (e)

(b) (d) (f)

F I G . 3 . Contour shape and location
changes before (upper) and after (lower)
deformable image registration (DIR). (a, b)
Circle, fatty tissue (left) and prostate tissue
(right). (c, d) Oval, fatty tissue (left) and
prostate tissue (right). (e, f) Irregular, fatty
tissue (left) and prostate tissue (right).
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modalities involved, subject, and object. Therefore, registration tests

using a physical phantom are essential to ensure the accuracy of the

entire imaging workflow. In our study, the Wuphantom was used to

evaluate DIR of three shapes: circular, oval, and irregular. Neverthe-

less, phantom DIR testing is at best a representation of the accuracy

of a DIR system. The actual accuracy of DIR for treatment simulation

and delivery with patients may vary in different ways.

Buch et al. evaluated the influence of MRI scanning parameters on

texture analysis features and found that variations in MRI acquisition

led to significant differences in many texture features.23 Moreover,

the tumor texture and image intensities were different before vs after

treatment. The histologic type and anatomic location of tumors (e.g.,

head and neck, brain, or lungs) can also affect DIR accuracy. We rec-

ommend that DIR accuracy be further evaluated as a function of

tumor contrast in images acquired using different protocols and differ-

ent materials that simulate a broader range of tissue characteristics.

MR‐linac systems, which combine MRI with a linear accelerator,

can provide images of patient anatomy in real time. Although rigid and

non‐rigid deformations are available before treatment, a full intensity‐
modulated radiation therapy optimization system is needed that can

adapt to ongoing updates on anatomic data during fraction delivery.24

Registration for treatment delivery and online treatment adaptation

requires accurate DIR to ensure accurate treatment. The Wuphantom

may be useful for validating DIR accuracy on the MR‐linac as well.

Our study did have some limitations. We used a standard head

MRI T1 and T2 scanning protocol for the reference and secondary

images. We also did not fully evaluate the registration results when

the scanning protocol changed (e.g., proton density, diffusion‐
weighted images, or slice thickness changes). Moreover, a physical

phantom usually has rather simple geometry and correspondingly sim-

ple deformations. Even though the DIR in the current study was found

to be quite accurate for the evaluated scenarios, we acknowledge that

uncertainty still exists in the DIR process for patient‐specific images.

Indeed, the phantom is more useful for detecting systemic error of a

DIR system than for evaluating the accuracy of a clinical case.

5 | CONCLUSIONS

We quantitatively evaluated the accuracy of DIR for MRI and CT.

For between‐modality comparisons (T1 vs CT or T2 vs CT), T2 imag-

ing performance was better than T1 imaging performance. Use of a

TAB L E 3 Measures of accuracy of deformable image registration within and between imaging modalities.

Modality DSCfatty tissue MDAfatty tissue DSCprostate MDAprostate

T1 vs T1 0.88 ± 0.08 1.77 mm ± 1.1 mm 0.92 ± 0.05 1.1 mm ± 0.53 mm

T2 vs T2 0.88 ± 0.08 1.64 mm ± 0.8 mm 0.92 ± 0.04 0.96 mm ± 0.37 mm

T1 vs CT 0.71 ± 0.14 4.57 mm ± 1.95 mm 0.90 ± 0.09 1.15 mm ± 0.92 mm

T2 vs CT 0.80 ± 0.09 2.86 mm ± 1.08 mm 0.90 ± 0.06 1.16 mm ± 0.85 mm

T1, T1‐weighted MRI sequence; T2, T2‐weighted MRI sequence; CT, computer tomography; DSC, Dice similarity coefficient; MDA, mean distance to

agreement.

F I G . 4 . Dice similarity coefficients for MRI vs CT deformable image registration for (a) Mobil DTE oil (simulating fatty tissue) and (b) agarose
gel (simulating prostate tissue).
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smaller ROI was found to improve the accuracy of DIR for target

contour propagation. The AAPM recommends that a physical phan-

tom be used for end‐to‐end testing to account for variations in the

imaging chain; we believe that our work with the Wuphantom is an

important contribution to such testing.
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F I G . 5 . Mean Distance to Agreement (MDA), in mm, for (a) Mobil DTE oil simulating fatty tissue and (b) agarose gel simulating prostate
tissue.

(a) (b)
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smaller ROIs. (c, d) Overlays of deformed
contours in the large ROI (c) vs the smaller
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172 | WU ET AL.



CONFLICTS OF INTEREST

A patent related to wuphantom has been filed.

REFERENCES

1. Palmer E, Persson E, Ambolt P, Gustafsson C, Gunnlaugsson A, Ols-

son LE. Cone beam CT for QA of synthetic CT in MRI only for pros-

tate patients. J Appl Clin Med Phys. 2018;19:44–52.
2. Eisenhauer EA, Therasse P, Bogaerts J, et al. New response evalua-

tion criteria in solid tumours: revised RECIST guideline (version 1.1).

Eur J Cancer (Oxford, England). 2009;45:228–247.
3. Wu RY, Liu AY, Sio TT, et al. Intensity‐modulated proton therapy

adaptive planning for patients with oropharyngeal cancer. Int J Part

Ther. 2017;4:26–34.
4. Barker JL Jr, Garden AS, Ang KK, et al. Quantification of volumetric

and geometric changes occurring during fractionated radiotherapy

for head‐and‐neck cancer using an integrated CT/linear accelerator

system. Int J Radiat Oncol Biol Phys. 2004;59:960–970.
5. Brock KK, Mutic S, McNutt TR, Li H, Kessler ML. Use of image regis-

tration and fusion algorithms and techniques in radiotherapy: report

of the AAPM Radiation Therapy Committee Task Group No. 132.

Med Phys. 2017;44:e43–e76.
6. Tyran M, Jiang N, Cao M, et al. Retrospective evaluation of decision‐

making for pancreatic stereotactic MR‐guided adaptive radiotherapy.

Radiother Oncol 2018;129:319–325.
7. Ger RB, Yang J, Ding Y, et al. Accuracy of deformable image registra-

tion on magnetic resonance images in digital and physical phantoms.

Med Phys. 2017;44:5153–5161.
8. Tait LM, Hoffman D, Benedict S, Valicenti R, Mayadev JS. The use

of MRI deformable image registration for CT‐based brachytherapy in

locally advanced cervical cancer. Brachytherapy. 2016;15:333–340.
9. Kadoya N, Nakajima Y, Saito M, et al. Multi‐institutional validation

study of commercially available deformable image registration soft-

ware for thoracic images. Int J Radiat Oncol Biol Phys. 2016;96:422–
431.

10. Cunningham JM, Barberi EA, Miller J, Kim JP, Glide‐Hurst CK. Devel-

opment and evaluation of a novel MR‐compatible pelvic end‐to‐end
phantom. J Appl Clin Med Phys. 2019;20:265-275.

11. De Brabandere M, Kirisits C, Peeters R, Haustermans K, Van den

Heuvel F. Accuracy of seed reconstruction in prostate postplanning

studied with a CT‐ and MRI‐compatible phantom. Radiother Oncol.

2006;79:190–197.
12. Niebuhr NI, Johnen W, Echner G, et al. The ADAM‐pelvis phantom ‐

an anthropomorphic, deformable and multimodal phantom for

MRgRT. Phys Med Biol. 2019;64:04NT05.

13. Wu RY, Liu AY, Wisdom P, et al. Characterization of a new physical

phantom for testing rigid and deformable image registration. J Appl

Clin Med Phys. 2019;20:145–153.
14. Wu RY, Liu AY, Williamson TD, et al. Quantifying the accuracy of

deformable image registration for cone‐beam computed tomography

with a physical phantom. J Appl Clin Med Phys. 2019;20:92–100.
15. Mitchell MD, Kundel HL, Axel L, Joseph PM. Agarose as a tissue

equivalent phantom material for NMR imaging. Magn Reson Imaging.

1986;4:263–266.
16. Perrin RL, Zakova M, Peroni M, et al. An anthropomorphic breathing

phantom of the thorax for testing new motion mitigation techniques

for pencil beam scanning proton therapy. Phys Med Biol.

2017;62:2486–2504.
17. Steinmann A, Stafford RJ, Sawakuchi G, et al. Developing and char-

acterizing MR/CT‐visible materials used in QA phantoms for MRgRT

systems. Med Phys. 2018;45:773–782.
18. Lr D. Measures of the amount of ecologic association between spe-

cies. Ecology. 1945;26:297–302.
19. Chalana V, Kim Y. A methodology for evaluation of boundary detec-

tion algorithms on medical images. IEEE Trans Med Imaging.

1997;16:642–652.
20. Cattaneo GM, Dell'oca I, Broggi S, et al. Treatment planning compar-

ison between conformal radiotherapy and helical tomotherapy in the

case of locally advanced‐stage NSCLC. Radiother Oncol.

2008;88:310–318.
21. Juang T, Das S, Adamovics J, Benning R, Oldham M. On the need

for comprehensive validation of deformable image registration,

investigated with a novel 3‐dimensional deformable dosimeter. Int J

Radiat Oncol Biol Phys. 2013;87:414–421.
22. Maintz JB, Viergever MA. A survey of medical image registration.

Med Image Anal. 1998;2:1–36.
23. Buch K, Kuno H, Qureshi MM, Li B, Sakai O. Quantitative variations

in texture analysis features dependent on MRI scanning parameters:

A phantom model. J Appl Clin Med Phys 2018;19:253–264.
24. Kontaxis C, Bol GH, Lagendijk JJ, Raaymakers BW. Towards adaptive

IMRT sequencing for the MR‐linac. Phys Med Biol. 2015;60:2493–2509.

WU ET AL. | 173


