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Abstract Dynamic magnetic resonance imaging (MRI) is
emerging as the elected image modality for organ motion
quantification and management in image-guided radiother-
apy. However, the lack of validation tools is an open issue
for image guidance in the abdominal and thoracic organs
affected by organ motion due to respiration. We therefore
present an abdominal four-dimensional (4D) CT/MRI digi-
tal phantom, including the estimation of MR tissue param-
eters, simulation of dedicated abdominal MR sequences,
modeling of radiofrequency coil response and noise, fol-
lowed by k-space sampling and image reconstruction. The
phantom allows the realistic simulation of images gener-
ated by MR pulse sequences with control of scan and tis-
sue parameters, combined with co-registered CT images.
In order to demonstrate the potential of the phantom in a
clinical scenario, we describe the validation of a virtual
T1-weighted 4D MRI strategy. Specifically, the motion
extracted from a T2-weighted 4D MRI is used to warp a
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T1-weighted breath-hold acquisition, with the aim of over-
coming trade-offs that limit T1-weighted acquisitions. Such
an application shows the applicability of the digital CT/
MRI phantom as a validation tool, which should be espe-
cially useful for cases unsuited to obtain real imaging data.
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1 Introduction

Over the last few years, there has been growing interest in
the use of magnetic resonance imaging (MRI) in image-
guided radiotherapy. This is due to several intrinsic advan-
tages of MRI with respect to computed tomography (CT),
such as the absence of ionizing radiation, better soft tissue
contrast and lower acquisition time in dynamic acquisition
mode. Specifically, the concept of dynamic MRI has been
used to evaluate organ motion due to respiration for both
treatment planning and delivery in a number of works [7, 8,
12, 35, 36, 45, 49-51, 55] and is being brought to the fore
by the emerging integration of MRI with treatment delivery
units for a fully MRI-guided treatment [16, 24, 26, 32].
Four-dimensional (4D) MRI is typically achieved
through the retrospective sorting of fast, dynamically
acquired T2-weighted images [8, 35, 40, 41, 49], as these
tend to allow a better contrast and spatiotemporal trade-off
than dynamic T1-weighted acquisitions [41]. The availabil-
ity of MR images with other weightings could, however,
allow more appropriate description of tumors for specific
functions (e.g., T1-weighted vs. T2-weighted images).
Integrating the information from different imaging modali-
ties has been widely reported in the literature as a means
to extend the description of a tumor, as, for example, with
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CT and MRI [9, 11, 28, 30], in order to provide comple-
mentary anatomical descriptions. Specifically to account
for organ motion, Yu et al. [57] proposed the registration of
4D CT and gated MRI to integrate the motion information
provided by the 4D CT with the well-contrasted anatomical
information visible in MRI. Mapping the motion extracted
from 4D MRI to a static 3D CT scan represents an alter-
native approach to generate patient-specific 4D CT data
set [6, 56]. The tumor description can be further enriched
with functional information (e.g., from positron emission
tomography, PET) to provide tissue metabolic activity [38].
This is particularly important for localizing functional bio-
markers in their anatomical context, as has been brought
to prominence through the growing use of hybrid PET/CT
and PET/MRI scanners [38, 44]. The need to compensate
for organ motion in the abdomen is still a challenge in PET
imaging, where the necessity of measuring adequate count
statistics for image reconstruction necessitates data collec-
tion over a prolonged period and hence across numerous
respiratory cycles. The use of 4D PET for the optimization
of radiotherapy [10], as well as the application of dedi-
cated motion correction strategies [5, 17, 27], is currently
under investigation. Relevant to the multimodal description
of tumors, Gianoli et al. [20] introduced the so-called vir-
tual 4D PET strategy, entailing the application of a 4D CT
motion model to free-breathing PET acquisitions to avoid
the acquisition of time-resolved PET images.

However, the lack of tools for validation of algorithms
and methods in image guidance remains an open issue, with
particular reference to MRI when anatomical changes due
to respiratory motion are involved. A standard approach to
validation is the acquisition of in vivo images as ground
truth [52], but these are not always available. Other solu-
tions involve scanning MRI-compatible moving-structure
phantoms [8, 54], which typically do not reflect the real
internal anatomy. An MRI-compatible anthropomorphic
moving phantom is under development [39], but the use of
physical phantoms is generally limited due to their costs
and inability to mimic the complexity of motion encoun-
tered in vivo.

Digital phantoms offer a practical approach to algorithm
and method validation. Examples have already been pro-
posed for CT with the 4D cardiac-torso (NCAT) phantom,
which incorporates realistic beat-to-beat heart rate and res-
piratory motion variations and then the extended (XCAT)
version [46]. A number of MRI simulators based on the
Bloch equations have been developed, mainly for applica-
tion to brain imaging [3, 29], where organ motion is gen-
erally neglected. The first implementations of digital MRI
phantoms to incorporate motion for radiotherapy purposes
were based on the 4D NCAT (and its extended XCAT ver-
sion) by assigning MR properties to each tissue. Sharif
et al. [48] proposed a physiologically improved NCAT
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phantom (PINCAT) in which the MR signal intensities
were modified to validate a dynamic MR imaging scheme
in real-time cardiac MRI applications. In Aja-Fernandez
et al. [1], a digital moving phantom was generated by seg-
menting cardiac images from an in vivo acquisition and
using random affine transformations to simulate motion.
However, in these cases a gray level was assigned to each
tissue, i.e., neglecting specific tissue properties and thus
the impact of imaging parameters on image contrast and
appearance. Wissmann et al. [53] designed a more realistic
numerical phantom for cardiovascular MRI (MRXCAT) by
extending the 4D XCAT phantom to MRI through the use
of different tissues, MR signal models, multiple receiver
coils and noise and finally selecting arbitrary trajectories
and undersampled acquisition of the k-space for acceler-
ated cine and myocardial perfusion imaging in specific car-
diac MRI sequences.

In this work, we present the implementation of a 4D CT/
MRI phantom based on 4D XCAT, with an approach simi-
lar to that proposed by Wissmann et al. [53], but extending
the phantom to account for abdominal organ motion due to
respiration. Subsequently, the phantom is used as valida-
tion tool for the virtual 4D imaging concept as applied to
T1-weighted images in order to overcome the spatiotem-
poral limits of T1-weighted 4D MRI, in a fashion similar
to that proposed in Gianoli et al. [20]. Finally, the virtual
T1-weighted 4D MRI based on T2-weighted 4D images
and a T1-weighted breath-hold acquisition is presented for
five healthy volunteers.

2 Materials and methods
2.1 Dataset

For the derivation of a 4D CT/MRI Breathing Anthropo-
morphic Thorax (CoMBAT) phantom, a 4D CT XCAT [46]
phantom of the abdomen was generated with 10 respiratory
bins and a maximum motion of 15 mm in the superior—
inferior (SI) direction (matrix: 256 x 256 x 200 voxels
with 1 x 1 x 1 mm spacing).

To derive specific MR tissue parameters, dedicated MRI
sequences were acquired with a 1.5-T scanner (Avanto,
Siemens Medical Systems, Erlangen, Germany) to esti-
mate relaxation parameters (T1 and T2) and proton den-
sity (p) values, in order to provide a more realistic simula-
tion of abdominal tissues. Driven equilibrium single-pulse
observation of T1 (DESPOT1, 11 flip angles in the range
of 3°-45°) and T2 (DESPOT2, 8 flip angles in the range
of 8°-64°) data were acquired on the abdomen of four
healthy volunteers, and T1, T2 and p maps calculated as
described in Deoni et al. [13, 14]. (TR/TE (repetition time/
echo time): 3.5 ms/1.6 ms; matrix of 192 x 144 pixels
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with 2.08 x 2.08 x 5 mm spacing for both DESPOT1 and
DESPOT?2).

In addition, three pulse sequences typically performed
during abdominal imaging were of interest for this study to
simulate MR sequences and perform the virtual 4D strat-
egy. Specifically, T1- and T2-weighted acquisitions MRI
series of the liver were acquired in four healthy volunteers,
with parameters as follows:

e TIl-weighted spoiled gradient echo sequence (volumet-
ric interpolated breath-hold examination: VIBE) [43]
acquired as an axial 3D image in breath-hold at inha-
lation (indicated as TI_bh in the following): TR/TE:
4.8 ms/1.75 ms; « (flip angle): 10°; bandwidth: 252 Hz
per pixel; scan matrix: 240 x 320 pixels with spacing of
1.25 x 1.25 mm; slice thickness of 4 mm; percentage
sampling of the k-space: 70% (along two phase encod-
ing (PE) directions).

e T2-weighted balanced steady-state free precession
sequence (TrueFISP) [18] used during free breathing
to rapidly acquire dynamic oblique sagittal 2D images
during respiratory motion: TR/TE: 2.6 ms/1.2 ms;
a: 68° bandwidth: 601 Hz per pixel; scan matrix:
256 x 224 pixels with spacing of 1.28 x 1.28 mm;
slice thickness of 5 mm; acquisition time: 180 ms/slice
with 20 slices x 20 frames. K-space percentage sam-
pling: 65% (PE direction); acceleration factor: 2 with
a generalized auto-calibrating partially parallel acqui-
sition (GRAPPA) [21] using 16 auto-calibration (AC)
lines.

e TIl-weighted fast low-angle shot (FLASH) sequence
[22] during free breathing, acquired as for TrueFISP:
TR/TE: 5.6 ms/1.9 ms; «: 8°; bandwidth: 299 Hz per
pixel; scan matrix: 144 x 192 pixels with spacing of
1.87 x 1.87 mm; slice thickness of 6 mm; acquisition
time: 350 ms/slice with 20 slices x 30 frames; k-space
sampling: 65% (PE direction); acceleration factor
(GRAPPA) 2 using 16 AC lines.

The FLASH and TrueFISP sequences were optimized
in order to provide adequate depiction of internal struc-
tures with sufficient temporal resolution to account for
respiratory motion. In addition, the image-based 4D MRI
approach proposed in Paganelli et al. [35] was applied
to retrospectively sort the multiple sequences of both
T1-weighted (FLASH) and T2-weighted (TrueFISP) MRI
in 8 bins (i.e., to obtain 4DTI_flash and 4DT2 MRI data-
sets, respectively).

The different acquisitions used in this work and their
specific role in implementation and testing activities are
summarized in Table 1.

2.2 CT/MRI breathing XCAT phantom (CoMBAT)

As proposed by Wissmann et al. [53], the phantom
P(l; t) is described in k-space through a combination of

several weighting functions and transformation:

P(%, t) =R-F-[SNeon) - T(T1,T2, p) - C(TE, TR, @) - O, 1) + n(Z, )]

Table 1 A summary of the datasets used in this study (see the following sections for details)

Dataset Image modality Dimensionality Role

XCAT Cardiac-torso CT phantom 4D To build the 4D CT/MRI phantom (CoMBAT)
DESPOT sequences MRI 3D breath-hold  To derive MRI tissue parameters (T1, T2 and
(DESPOT1 and DESPOT2) T1-weighted and T2-weighted (axial) proton density p) for the CoOMBAT phantom

Acquired on volunteers

VIBE sequence MRI 3D breath-hold  To serve as the volume to warp (7/_bh) for the
T1-weighted (axial) virtual T1-weighted 4D MRI (virtual_4DT1)
Acquired on volunteers (breath-hold 7'7_bh)
and simulated on the CoOMBAT phantom for
different respiratory phases (4DT1)
TrueFISP sequence MRI Multislice 2D To derive the motion fields to apply to the
T2-weighted free-breathing T1_bh volume in creating virtual_4DT1
Acquired on volunteers and retrospectively (sagittal)
sorted to obtain a T2-weighted 4D MRI
(4DT12).
Simulated on the CoOMBAT phantom for dif-
ferent respiratory phases (4D72)
FLASH sequence MRI Multislice 2D To show trade-off limits.
T1-weighted free-breathing
Acquired on volunteers and retrospectively (sagittal)

sorted to obtain a T1-weighted 4D MRI
(4DT1_flash)
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where O(X, t) represents the 4D XCAT phantom defined in
space and time and n(X, r) is the noise model. T is the tis-
sue contribution as a function of relaxation times T1 and
T2 and proton density p. The MR sequence is described
by the operator C, which expresses the acquired signal as
a function of TR, TE and «. S describes the sensitivity of
N, coils. These physical space functions undergo Fourier
transformation F, and the sampling of k-space R is applied
to produce the raw k-space phantom P l;,t . Once a com-
plete k-space representation has been obtained, image
reconstruction of the phantom can then follow via inverse
Fourier transformation, as in in vivo image acquisition. Fig-
ure 1 shows the workflow of the COMBAT implementation.

2.3 Tissue parameters 7 and MR sequences C

The VIBE and TrueFISP sequences were simulated for the
generation of the CoMBAT phantom. At steady state, the
signal equations C of the two sequences in terms of tissue-
specific T1, T2 and p values and acquisition parameters
TR, TE and flip angle () were as follows:

A. MR sequences:

TR
psina(l—e Tl) TE

VIBE=——————>¢T2
—TR
(1 — cosae T1
TrueFISP
=TR
. 1—eT1 —TE
=psna TR TR —TR —TR€ |°

1—(eTl — eT2)cosa—eTleT2

f G. K-space sampling: )
TrueFISP - GRAPPA

VIBE
7

slice
selectior]

NFE})NPE

H. Inverse
Fourier
Transform

I. MRI reconstruction
(reconstructed phantom)

Fig. 1 CoMBAT workflow. (A) Simulation of two abdominal
sequences (VIBE and TrueFISP). (B) Derivation of tissue param-
eters via DESPOT acquisitions to derive MRI contrast volumes (C).
(D) Generation of a coil sensitivity map and (E) noise simulation.
After the generation of the k-space through a Fourier transform (F)
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F. Fourier coil 1 coil 2 coil 3 coil 4
Transform:
k-space

generation

psina<1—27ﬁ> TE
e VIBEEC=— e
(1—cosae™ TT)

e TrueFISP:

1 *% TE
_ . —e _IE
C - ’0 SInal < TR TE> TR TE e 12

e Tl —¢ T2 |cosa—e Tle T2

The imaging parameters of the acquired in vivo VIBE
and T2-weighted TrueFISP (TR, TE and «) were used in
the sequence equations for the generation of the COMBAT
phantom.

The dominant properties determining tissue appearance
in MR imaging are T1 and T2 relaxation times and the
proton density of the tissue. Whereas relaxation times T1
and T2 were well defined in different works [4, 15], proton
density values p were not available in the literature for all
abdominal organs for 1.5-T scanners [33]. As reported in
Sect. 2.1, specific DESPOT1 and DESPOT?2 acquisitions
were used to derive T1, T2 and the needed p-maps [13],
from which values were obtained after segmentation of the
organs present in the XCAT phantom. Unlike Wissmann

-
B. Tissue Parameters — abdominal site:

1. Acquisition of DESPOT1 (11 flip angles) and
DESPOT?2 (8 flip angles)

2. Derivation of T1, T2 and p maps and organs
segmentation

C. MRI contrast (original phantom)
\ J

f 2

D. Coil Sensitivity:
Linear fall-off and circular alignment of 8 coils

- a anm
=FrF L

coil 5 coil 6 coil 7 coil 8

E. Noise: Gaussian

the k-space is sampled according to the specific MR sequence (partial
volumetric sampling for VIBE and 2D GRAPPA sampling with auto-
calibration (AC) lines for TrueFISP). (H) Inverse Fourier transform to
derive the reconstructed MRI (/)
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et al. [53], no contrast agent concentration was considered.
Finally, the derived values (median among the four volun-
teers) were attributed to the corresponding tissue types in
the XCAT phantom geometry.

2.4 Coil operator S and noise n

The effect of the coil sensitivity S was implemented
as proposed in [33], in which the phantom MR signal
T(T1,T2,p) - C(TE, TR, @) - O(x,t) was combined with a
simulated sensitivity map of the coil. The sensitivity maps
had the form of a linear fall-off from the individual coils
that were placed at uniformly on a circle around the abdo-
men (N, = 8).

The presence of noise in MRI images was simulated by
adding a Gaussian noise in order to match the signal-to-noise

ratio of in vivo acquisitions (SNR = 20, computed on liver).

2.5 k-space generation F and k-space sampling R

The image-domain model was transformed to the k-space
domain via a 3D discrete Fourier transform. Then, the
k-space was sampled according to the sequence sam-
pling approach. Specifically, the central 70% of k-space
in the phase encoding directions was sampled for VIBE.
The remainder of k-space was filled with zeros to pro-
vide smaller voxel size while keeping short imaging time.
For TrueFISP, 65% of k-space was sampled based on the
GRAPPA scheme [21], with the aim to speed up the MRI
pulse sequence in order to acquire slices quickly, thus ena-
bling the description of the respiratory cycle (i.e., acquisi-
tion time ranged from 180 to 300 ms, as proposed in the
literature [40, 41]). In the GRAPPA algorithm, k-space is
undersampled in the phase encoding direction (i.e., sam-
pling factor = 2, acquisition of interleaved lines) and the
missing k-space lines are synthesized by a linear combi-
nation of acquired neighboring k-space data using spatial
information contained in the coil elements. The acquisition
of additional lines in the k-space center is a form of self-
calibration (i.e., AC = 16).

2.6 Image reconstruction and analysis

Once all k-space (3D for VIBE and 2D for TrueFISP) sam-
ples were obtained for a particular coil, an inverse Fourier
transform was used to generate the uncombined image for
that coil. The full set of N;, images was then be combined
using a normal sum of squares reconstruction [21].
Reconstructed images were qualitatively compared
to in vivo T1-weighted (VIBE) and T2-weighted (True-
FISP) acquisitions, among visible well-contrasted ana-
tomical structures. The reconstruction error matrixes were

quantified by computing the difference between the origi-
nal phantom and the reconstructed images, normalized
with respect to the mean MR signal intensity. The normal-
ized correlation between the original and the reconstructed
images was also computed.

To analyze the reconstruction effects on the 4D motion,
we also performed a deformable image registration (DIR)
(www.plastimatch.org) [47] between exhale and inhale for
both the original phantom and the reconstructed phantom.
A Wilcoxon test (¢ = 5%) between the motions derived
from the original and the reconstructed phantom was per-
formed with both TrueFISP and VIBE sequences.

2.7 Virtual T1-weighted 4D MRI

T2-weighted (as well as Tl-weighted) 4D MR images
were derived from multislice free-breathing acquisitions
and through the image-based retrospective sorting method
proposed in Paganelli et al. [35] in four healthy volunteers.
The virtual 4D imaging method involves the application
of the motion field derived from the T2-weighted 4D MRI
(i.e., 4DT2) to the T1-weighted breath-hold acquisition (i.e.,
T1_bh) (Fig. 2). We first performed a rigid registration of
the axial breath-hold acquisition at the inhale phase on the
sagittal T2-weighted acquisition of the correspondent phase.
The inhale phase in the 4DT2 was selected as the phase with
the lowest diaphragm position [42]. Then, we performed a
DIR (www.plastimatch.org) [47] between the inhale phase of
the 4DT2 and each respiratory phase, by keeping the current
phase as fixed and the inhale phase as moving image. The
derived motion fields of all the respiratory phases were then
used to warp the T/_bh acquisition in order to obtain a vir-
tual T1-weighted 4D MRI (virtual_4DTI) for the volunteer
data.

2.8 Validation of the virtual T1-weighted 4D MRI
with CoMBAT

A virtual_4DTI was generated as described above for each
volunteer, to overcome the limitations of 4DT1-weighted
MR scanning (4DT1_flash) on soft tissue contrast and tem-
poral resolution. Due to the absence of a ground truth (i.e.,
a 4DT1 acquired with VIBE for the different respiratory
phases), we rely on the proposed 4D CoMBAT phantom
in order to validate the virtual 4DTI strategy. As for vol-
unteers, we simulated the same strategy by performing DIR
of the current respiratory phase and the inhale phase of the
4DT?2 phantom (i.e., via TrueFISP sequence simulation) and
by applying the obtained motion fields to the inhale phase
of the T1-weighted simulation (i.e., VIBE sequence), thus
obtaining the missing respiratory phases. Finally, we com-
pared the phases of the obtained virtual_4DTI with the
ones provided by the simulated phantom with VIBE. This
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A

© '
4DT2

- ' ) '

Rigid registration
B
T1 breath hold (T1_bh) on T2
at the inhale phase

Fig. 2 Workflow of the virtual 4D imaging method. Overlap between
the axial breath-hold T1-weighted acquisition (T1_bh in green) at
the inhale phase with the correspondent respiratory phase of the
T2-weighted 4D MRI (in red): a before and b after rigid registration.
¢ Generation of the virtual_4DTI (light green boxes) by the applica-

analysis relied on the use of automatically extracted land-
marks [34] and in computing the error as 3D residual dis-
tance between landmarks of the virtual_4DTI phases and
the correspondent ones in the 4D T1-weighted simulation
with VIBE of the phantom (i.e., 4DT1). The registration
error derived from the DIR was also computed as 3D resid-
ual distance between identified landmarks of the registered
phase on the inhale phase and the inhale phase, for both
4DTI and 4DT?2.

2.9 Additional analysis

We further demonstrated the application of the 4D CoM-
BAT phantom through its use in a comparison of the capa-
bilities of 4D T2-weighted and 4D T1-weighted imaging
to describe an average respiratory cycle according to the
image acquisition time. For this purpose, we considered a
synthetic breathing signal generated with a cosine function
cos (wf)® to better mimic the end-expiration plateau [19].
The sampling of this signal was simulated according to the
specific image acquisition time (i.e., 180 ms for TrueFISP
and 350 ms for FLASH). We then binned the respiratory
signal (100 s) in 8 bins to obtain an average respiratory
cycle. Qualitative and quantitative analyses were per-
formed based on soft tissue contrast to detect breathing
motion.
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T1_bh >

A\

virtual_4DT1

tion (gray lines) of the motion field obtained via DIR between 4DT2
phases (light blue lines) to the T1_bh (dark green box) obtained by
rigid registration (black line) depicted in (a) and (b) (color figure
online)

3 Results
3.1 4D CoMBAT phantom

Table 2 compares the T1, T2 and p values reported in the
literature with those derived via our DESPOT acquisitions.
Background and air p were set to 0. Blood was not meas-
ured via DESPOT because flow effects were not compen-
sated with the acquisition used; therefore, we applied the
T1 and T2 values from the literature and the specific p
value via in vivo T1- and T2-weighted acquisitions (1397
and 12,766, respectively). Across tissues, T1 and T2 values
derived from DESPOT differed on average from the litera-
ture [4, 15] by 19 and 2%, respectively, and were not sig-
nificantly different (Friedman test, « = 5% for T1 and T2).
Values for p obtained with DESPOT were higher than the
few literature values available, amounting to almost 30%
for spleen [33].

A visual comparison of T1- and T2-weighted images
generated with the proposed phantom, and images acquired
in vivo are given in Fig. 3, showing also a comparison
with the CT phantom. The reconstruction error matrixes
obtained computing the difference between the original
phantom and the reconstructed one for all the respiratory
phases were calculated (see Fig. 4 for peak inhalation and
exhalation). The error matrixes showed pronounced edge



Med Biol Eng Comput (2017) 55:2001-2014 2007
Table 2 .Tissue parameters Literature DESPOT
reported in the literature (left)
and for the volunteers (right; T1 [ms] T2 [ms] plau.] T1 [ms] T2 [ms] plau.]
mean =+ S.D.) obtained from
DESPOT maps Background 0 0 0 0 0 0
Air lung 0 0 0 0 0 0
Body 240° 85% - 376 £ 10 70+9 1336 + 514
Bowel - - - 122 4+ 31 8+4 117 £ 57
Muscle 900* 50* - 825 + 125 30+5 3195 + 721
Kidney cortex 652° 58° - 921 + 143 80 £ 16 1972 £ 337
Heart 870* 57¢ - 1032 £ 103 49 + 12 1346 £+ 173
Liver 490* 40° 2182°¢ 506 + 57 36+5 2023 + 182
Blood 1200* 50% - - - -
Spleen 915°¢ 80° 2088°¢ 1466 + 98 71£15 1428 + 96
Bone 732° 106° 1343¢ 753 + 83 96 £ 8 1041 + 149
Missing values are shown with —
2 Bernstein et al. [4] (1.5 T), ® Elmaoglu and Celik [15] (1.5 T), ¢ Nyman et al. [33] (0.35 T)
in-vivo TrueFISP CoMBAT TrueFISP XCAT CT

B in-vivo VIBE CoMBAT VIBE XCAT CT

Fig. 3 In vivo acquisitions versus COMBAT phantom for both TrueFISP (a) and VIBE (b), with the relevant CT of the XCAT phantom

effects for VIBE, whereas a more homogeneous distribu-
tion was seen for TrueFISP. The mean across all phases
of the error matrixes were 15 and 9% for VIBE and True-
FISP, respectively. The normalized correlation coefficients
were 0.89 and 0.98 for VIBE and TrueFISP, respectively.

An analysis of the effect of the reconstruction process
on motion estimation was also performed by computing
the motion fields between the exhale and inhale phases
for the original and reconstructed phantoms. The differ-
ence (Wilcoxon, @ = 5%) between these motion estimates
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exhale

inhale

error

reference image reconstructed image

o u a

reference image reconstructed image

error

reference image reconstructed image error

40%

30%
20%
10%

reconstructed image error

40%
30%
20%
‘ 10%

reference image

Fig. 4 Image reconstruction. a TrueFISP and b VIBE with the original MRI phantom, the reconstructed image and the error (%) for both exhale

and inhale

A

4DT2-weighted
(TrueFISP)

4DT1-weighted
(FLASH)

Fig. 5 In vivo T1- and T2-weighted acquisitions. a Sagittal 4D72
acquired with TrueFISP, b sagittal 4DT1 acquired with FLASH, ¢
axial T1_bh acquired with VIBE, d respiratory motion derived from

was not significant for both the TrueFISP (5.96 £+ 4.99
vs. 5.92 £ 4.92 mm for original vs. reconstructed) and
the VIBE sequence (6.48 + 4.64 vs. 6.08 &= 4.81 mm for
original vs. reconstructed), with a mean difference of
motion below the voxel size (i.e., 0.17 &+ 0.22 mm for
TrueFISP and 0.54 + 0.45 mm for VIBE).

3.2 Virtual T1-weighted 4D MRI

The re-sorted free-breathing multislice T1-weighted 4D
MRI, T2-weighted 4D MRI at the exhale phase and the
T1-weighted volumetric breath-hold acquisition are illus-
trated in Fig. 5. Vessels and internal structures are visible in
the 4DT?2 acquisition and in T'/_bh, but are very poorly rep-
resented in the 4DT1_flash. The average respiratory motion
derived by sorting the samples on a synthetic respiratory
signal with the image acquisition time of the 4DTI_flash
(i.e., 350 ms) was lower than that of the 4DT2 acquisition,
which had a lower image acquisition time (i.e., 180 ms).
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T1-weighted breath hold
(VIBE)

D

- 1 -

2 09 L \

&8 1\
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B 06

g 05 = =4DT2-TrueFISP
o 180msec
04 / \

§2r—J \ —4DT1-FLASH
= 0,

;.’_ o / \ 350msec

§ 0l AL N

1 2 3 4 5 6 7 8
respiratory bin

4DT1_flash (straight blue line) and 4DT2 (red dashed line) sorting on
a synthetic respiratory signal (color figure online)

Figure 6 shows the virtual 4DT] at the exhale phase for
a representative volunteer. The derived virfual_4DTI at the
exhale phase compensated for the motion derived from the
4DT2. Both diaphragm and vessels resulted closer to the
4DT2 at the exhale phase. No comparison was made with
the 4D T1-weighted derived with FLASH, due to its lim-
ited contrast in the definition of internal structures.

3.3 Validation via CoOMBAT phantom

In order to validate the proposed approach, we rely on
the 4D CoMBAT phantom generated for both True-
FISP and VIBE, thus creating a virtual_4DTI from the
motion obtained between different respiratory phases of
the 4DT2 derived with TrueFISP. The virtual_4DT1 was
then compared with the 4DTI of the phantom obtained
with the VIBE sequence.

Across all the respiratory phases, the registration error
computed by the automatically extracted landmarks
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virtual_4DT1 exhale

Fig. 6 Virtual 4DTI at the exhale phase for v03. a Differences in
signal intensity between virtual_4DTI at the exhale phase and 4DT2
at the inhale phase and at the exhale phase. b virtual_4DTI at the
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Fig. 7 Error of virtual_4DTI (red circle) and registration errors of
4DTI (blue triangle) and 4DT2 (green square), derived from auto-
matically extracted landmarks [34] (color figure online)

[34] was in mean 2.38 4+ 1.76 and 2.75 £ 1.77 mm for
4DTI and 4DT2, respectively. A similar error was found
between the generated virtual_4DTI and the 4DTI
of the phantom (2.40 + 1.70 mm). A Wilcoxon test
(¢ = 5%) did not show a significant difference between
the three populations. Figure 7 depicts the registration
errors for 4DT1 and 4DT2 and the error in deriving the
virtual_4DTI for all the respiratory phases. Figure 8
shows the results of the estimated virtual_4DTI1 with
respect to the 4DTI at exhale and inhale phases.

4DT2 exhale

200

-200

-400

4DT2 inhale

exhale phase, 4DT2 at the exhale and inhale phase in sagittal view.
The respiratory levels of the diaphragm and of a vessel are high-
lighted with dashed lines

4 Discussion
4.1 4D CoMBAT phantom

In this work, we described the implementation of an
abdominal CT/MRI phantom by extending the 4D XCAT
phantom designed by Segars et al. [46]. A similar work
has previously been reported by Wissmann et al. [53] for
cardiac acquisitions. Our aim was to provide a phantom
able to describe respiratory motion of abdominal organs
in MRI that can be used for the validation of MRI-guided
techniques.

Proton density values for abdominal organs appear to
be largely absent from the literature, and therefore, we
derived them from p-maps obtained via DESPOT acqui-
sitions. The tissue parameters T1 and T2 obtained in
healthy volunteers were consistent with the literature [4,
15], lending confidence in the values obtained with DES-
POT sequences. Even if this approach provides a realis-
tic derivation of tissue parameters to include within the
phantom simulation, limitations are present. Our acquisi-
tions in fact did not, however, take into account inhomo-
geneities, which are known to influence DESPOT meas-
urements [13]. Subtle corrections in the T1 and T2 values
may therefore be warranted in the future. Bowel and heart
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exhale

Fig. 8 Virtual 4DT]1 on phantom data. First row overlap of
virtual_4DT1 (green) and 4DT1 (red) at the inhale phase. Second row
overlap of virtual_4DTI (green) and 4DT1 (red) at the exhale phase.

were difficult to analyze due to artifacts associated with
wall thickness (for bowel) and cardiac pulsation. Further-
more, we did not derive the values for blood due to flow
effects [2] could not be adequately compensated for with
the available DESPOT sequences.

Moreover, the signal equations of VIBE and TrueFISP
do not include signal alterations due to motion during
sampling [53], which have been shown to result in signal
pile-up and mis-positioning [31]. In addition, spoiled gradi-
ent echo MRI, such as VIBE, is an MRI technique, which
destroys residual transverse magnetization at the end of
each excitation cycle. Conversely, steady-state free pre-
cession MRI as TrueFISP is a type of gradient echo MRI
pulse sequence in which a steady, residual transverse mag-
netization is maintained between adjacent breathing cycles.
Blood and other fluids may, however, exhibit spoiled
contrast behavior, even though adjacent stationary tissue
remains in a steady-state free precession. In order to reflect
in vivo acquisitions, we therefore applied sequence-spe-
cific p values of blood, obtained via in vivo T1-weighted
and T2-weighted acquisitions, allowing simulations to
reproduce dark blood and bright blood in VIBE and True-
FISP, respectively, even if blood flow is not adequately
accounted for by their signal equations. A compensation
of such effects is possible through the incorporation of
fluid dynamics simulations into the definition of the object
model [23].

It should be also noted that the range of physical prop-
erties beyond p, T1 and T2 values that can influence MR
signal intensity is quite large, including among others the
velocity gradients (in liquids particularly), diffusion, mag-
netic susceptibility, temperature, chemical and magnetic
exchange processes, as are the range of pulse sequences
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The difference of signal intensities in the axial view is reported in the
fourth column. The inhale phase (7/_bh) is the respiratory phase to
which the motion field is applied (color figure online)

adapted to modify the relative weighting of these param-
eters. The coil sensitivity and noise used here are simplifi-
cations that could be adapted to reflect more realistic coil
geometries and sensitivity profiles. All these factors there-
fore should be taken into account and added to the phantom
simulation for a further improvement in tissue parameters
definition and subsequent image contrast and appearance.

Nonetheless, the qualitative comparison with in vivo
acquisitions (Fig. 3) showed the capability of the COMBAT
phantom to describe the MRI signal, allowing an increased
image contrast with respect to CT. The reconstruction errors
were 15 and 9% with a correlation of 0.89 and 0.99 for
VIBE and TrueFISP, respectively, with more errors along
the edges being present in the VIBE reconstruction (Fig. 3)
due to a central sampling of the k-space and to a volumetric
interpolation along two phase encoding directions in con-
trast to the calibrated and two-dimensional reconstruction
of the TrueFISP acquisition. Background noise was present
in both TrueFISP and VIBE reconstructions (i.e., more visi-
ble in TrueFISP due to the absence of errors along edges, as
shown in Fig. 4). The motion estimated between the exhale
and inhale phases was comparable in both the original and
reconstructed phantoms for TrueFISP and VIBE, attesting
that the reconstruction method does not affect the original
motion.

We therefore proposed a 4D CT/MRI phantom, which
can simulate MRI acquisitions while describing organ
motion and provide a ground truth for the validation and
testing of different MRI-guided strategies and MRI recon-
struction methods. In addition, the MRI phantom com-
bined with the corresponding CT images could represent
an ideal framework to quantify the effects of MRI-based
dosimetry, as proposed in recent studies [25, 37]. A further



Med Biol Eng Comput (2017) 55:2001-2014

2011

improvement could be also the inclusion of the metabolic
activity provided by the XCAT phantom in terms of PET
simulation [46], thus providing a multimodal tool that can
be used also in 4D PET/CT and PET/MRI imaging.

4.2 Virtual T1-weighted 4D MRI

Use of the CoMBAT phantom developed in this work
was demonstrated in the validation of a virtual 4DTI1
strategy, which consisted in the application of the motion
field derived from a T2-weighted 4D MRI (4DT2) to a 3D
T1-weighted breath-hold image acquired in the peak inha-
lation phase (T1_bh). The aim was to estimate the miss-
ing respiratory phases and to overcome the limitations in
obtaining a well-contrasted T1-weighted 4D MRI (4DT1_
flash) with a temporal resolution able to describe a consist-
ent average respiratory cycle.

The ability to achieve an optimal trade-off between spa-
tial and temporal resolution and to acquire well-contrasted
images is of primary importance in MRI-guided radiother-
apy when organ motion is involved. The use of T2-weighted
TrueFISP as fast sequence able to describe internal anatomy
during respiration has been widely used in the literature
[36, 40, 45, 50]. However, other MR sequences may allow
better description of the tumor. We therefore proposed the
acquisition of both multislice T2-weighted and T1-weighted
images and their image-based retrospective sorting to create
time-resolved volumes [35]. In optimizing the sequences for
time and coverage, multislice acquisition was achieved with
TrueFISP sequence in which internal structures were vis-
ible, conversely to FLASH sequence, in which a low con-
trast between organs was present. In addition, the retrospec-
tive sorting of T1-weighted slices led to an underestimation
of the average respiratory motion, due to the higher image
acquisition time than T2-weighted slices, as shown in the
sampling of a synthetic respiratory signal.

As a means to overcome these limitations, a breath-
hold volumetric T1-weighted at the peak inhalation phase
with the VIBE sequence could be warped by applying the
motion field derived from a higher temporal resolution
4DT2 MRI. An initial rigid registration is required between
the T1_bh at the inhale phase and the corresponding phase
within the 4DT2. The rigid registration between 7/_bh and
the inhale phase of the 4DT2 showed errors below the max-
imum voxel size (i.e., 5 mm), as reported in previous works
[28, 57]. Subsequent application of the motion field derived
from 4DT2 to T1_bh to create a virtual 4DTI derived
from patient data provided a visual impression of capturing
organ motion. The absence of an acquired 4D T1-weighted
MRI having the temporal resolution and the good contrast
of the 4DT2 MRI, however, complicates the task of validat-
ing the derived virtual_4DTI.

As a surrogate approach to validation, we translated
the proposed strategy onto the digital COMBAT phantom,
where we generated both 4DTI (simulated with VIBE)
and 4DT2 (simulated with TrueFISP). Also, we applied the
motion field derived from the 4DT?2 at inhale phase and the
other 4DT?2 respiratory phases to the peak inhalation phase
image of the 4DT1, in order to derive the other T1-weighted
respiratory phases. These were then compared with the
4DT1 directly derived from the phantom. A mean error
of 2.40 £+ 1.70 mm was quantified among all respiratory
phases in the virtual 4DTI, suggesting adequate perfor-
mance of the method. Higher errors were observed for res-
piratory phases far from the inhale phase (Fig. 7). This was
mainly due to the performance of the DIR algorithm: Errors
in the DIR process were propagated in the virtual_4DTI. In
fact, the errors quantified in the virtual_4DT]I resulted in
the same range of the 4DTI and 4DT2 registration errors
for all the respiratory phases.

We therefore propose a preliminary application of the
CoMBAT phantom on a clinical scenario aiming at over-
coming limitations in temporal 4DT1-weighted acquisi-
tions, thus allowing a more appropriate description of
tumor with different MRI weightings as well as organ
motion in the clinical workflow. Future works will be
focused on the use of the COMBAT phantom for the valida-
tion of specific 4D resorting strategies such as navigator-
based [51] and image-based [8, 35, 49, 55] methods as well
as novel k-space resorting approaches [12], with the aim
to provide benchmarks for the recent developments in 4D
MRI.

5 Conclusion

We presented a digital abdominal 4D CT/MRI phantom
(CoMBAT), which can be used as a framework for the vali-
dation of MR image reconstruction and quantitative post-
processing approaches to improve organ motion quantifi-
cation and compensation in radiotherapy. To illustrate the
potential of the COMBAT phantom, we described its appli-
cation to a novel MRI-guided strategy able to overcome
the limitations in contrast and temporal resolution of ret-
rospective T1-weighted 4D MRI. Our proposal envisaged
the acquisition of a volumetric breath-hold T1-weighted
volumes and the application of the motion field derived
from a faster, higher contrast T2-weighted 4D MRI, thus
allowing the derivation of the missing respiratory phases to
create a virtual T1-weighted 4D MRI (i.e., virtual_4DT1I).
The application of the method on the proposed CoMBAT
phantom provided a validation of the strategy, which was
not possible on real data, due to the absence of a proper
T1-weighted 4D acquisition.
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Future works should envision an improvement in the
abdominal phantom for a better realistic simulation of
in vivo acquisitions, such as the inclusion of vessels,
spin history and additional effects such as susceptibil-
ity and enhancement due to contrast agents. Inclusion
of compressed sensing and other techniques for accel-
erating image acquisition could be an additional further
direction. Finally, the use of the proposed phantom for
the validation of different 4D MRI-guided strategies will
be exploited, as well as its application in multimodal
imaging.
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