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Abstract. A preliminary simulation of MRI sequences to derive a 4D MRI phan-
tom for abdominal organs is presented, with the aim of providing a framework
for the evaluation of MRI-guided methods in external beam radiotherapy. Specif-
ically, we propose an extension of the 4D NCAT phantom including tissue pa-
rameters obtained via T1 and T2 DESPOT sequences, the simulation of dedicat-
ed abdominal MR sequences such as VIBE and TrueFISP, the modeling of radio-
frequency coil response and noise followed by k-space sampling and image re-
construction. Analysis of tissue parameters and reconstructed images were per-
formed to show the robustness of the implemented phantom.
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1 Introduction

Over the last few years, there has been growing interest in the use of Magnetic Reso-
nance Imaging (MRI) in image guided radiotherapy [1,2]. Due to the absence of ioniz-
ing radiation and increased soft tissue contrast relative to Computer Tomography (CT),
MRI is an attractive technology for target definition [2]. Moreover, it has sufficient
temporal resolution to study organ motion due to respiration [3]. Early studies investi-
gating the use of MRI in treatment planning for organ motion quantification mainly
followed cineMRI approaches [4,5], in which few slices are acquired allowing the
description of a significant amount of breathing cycles. New four-dimensional MRI
(4D MRI) retrospective sorting methods were also proposed to provide volumetric
information of respiratory motion [6,7]. These features of MRI motivated also several
recent technological developments towards the integration of MRI with radiation ther-
apy treatment units, raising the prospect of fully MRI-guided treatments [8].

A standard approach to validation is the use of acquired in-vivo images as ground
truth [9], which are not always available. In 4D MRI sorting, for example, a full resolu-
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tion 4D MRI cannot be obtained due to limited spatial and temporal trade-offs. Other
solutions involve scanning MRI-compatible moving-structure phantoms [7,10], which
do not often reflect the real internal anatomy. An MRI-compatible anthropomorphic
moving phantom is under development [11], but the use of physical phantoms is gen-
erally limited due to their cost and the lack of flexibility to mimic the range of motions
encountered in-vivo. Numerical digital phantoms offer a practical approach to evaluate
and determine optimized methods. Examples have already been proposed for CT with
the 4D cardiac-torso (NCAT) phantom, which incorporates natural beat-to-beat heart
rate and respiratory motion variations, and then the extended (XCAT) version [12]. A
number of MRI simulators have been developed, mainly for application to brain imag-
ing, based on Bloch equations [13,14], but largely neglecting organ motion effects. The
first implementations of numerical phantoms that incorporate motion in MRI for body
radiotherapy were based on the extension of the 4D NCAT (and its extended XCAT
version) by assigning MR properties to each tissue mask. Sharif et al. [15] proposed a
physiologically improved NCAT (PINCAT) phantom in which the signal intensities
were modified for MRI application to validate a dynamic MR imaging scheme in real-
time cardiac MRI. In [16], a moving phantom was generated by segmenting cardiac
images from an in-vivo acquisition by using a random affine transformation to simu-
late motion. However, in these cases a gray level to each tissue signal was also as-
signed, i.e. neglecting specific tissue properties. Wissmann et al. [17] designed a more
realistic numerical phantom for cardiovascular MRI (MRXCAT) by extending the 4D
XCAT phantom to MRI. They applied different tissue signal, multiple receiver coils
and noise models, and selected arbitrary trajectories and undersampled acquisition of
the k-space for accelerated cine and myocardial perfusion imaging, with specific cardi-
ac MRI sequences.

In this work, we propose the basis for the construction of a 4D MRI phantom based
on the 4D NCAT with an approach similar to the one proposed by Wissmann et al.
[17] but extending the phantom to the abdominal site (abdoMRCAT) to account for
organ motion due to respiration.

2 Materials and Methods

As proposed by Wissmann et al. [17], the phantom P(E. t) is described in k-space
through a combination of several weighting functions:

P(k,t) =R F - [S(N,y) - T(T1,T2,p) - C(TE, TR, @) - O(%,t) + n(%, )]
where O(X,t) represents the 4D NCAT phantom defined in space and time and n(X,t)
is the noise model. T is the tissue contribution as a function of relaxation times T1 and
T2 and proton density p. The MR sequence is described by the operator C, which ex-
presses the acquired signal as a function of repetition time TR, echo time TE and flip
angle a. S describes the sensitivity of Neoil coils. These physical space functions under-
go Fourier transformation F and the sampling of k-space R is applied to produce the
raw k-space phantom P(E, t). Once a complete k-space representation has been ob-
tained, image reconstruction of the phantom can then follow via inverse Fourier trans-
formation, as in the case of data sampled during image acquisition.
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2.1  Tissue parameters T and MR sequences C

Two pulse sequences that are typically performed in abdominal MRI imaging were of
interest for this study: (1) a T1-weighted spoiled volumetric interpolated breath-hold
sequence (VIBE) [18] to acquire a 3D volumetric image in breath-hold and (2) a T2-
weighted balanced steady-state free precession sequence (TrueFISP) [19] used during
free-breathing to repeatedly acquire fast 2D images able to describe respiratory motion.
Specifically at steady-state, the signal equations of the two different sequences C ap-
plied to each organ mask according to the specific relaxation times T1, T2 and proton

density p values were as follows:
=TR
(1) VIBE; ¢ = £3met=eT0) 7
(1—cosae T1)
-TR
. 1-eT1 —TE
(2) TrueFISP: C = psina . E— — 7R € T2
1-(eT1 —e T2 )cosa—e T1 e T2

The target sequence for in-vivo Tl and T2-weighted acquisitions (Fig. 1) used the
following parameters (1.5T Siemens Magnetom Avanto):
- axial VIBE: TR/TE: 4.8msec/1.75msec; a: 68°; bandwidth: 601Hz per pixel; scan
matrix: 256x224 pixels with spacing of 1.28x1.28mm; slice thickness of Smm; acquisi-
tion time: 180msec/slice.
- sagittal TrueFISP: TR/TE: 2.9msec/1.26msec; o: 10°; bandwidth: 252Hz per pixel;
percentage sampling: 70%; scan matrix: 240x320 pixels with spacing of 1.25x1.25mm,;
slice thickness of 4mm.
The imaging parameters of the acquired in-vivo images (TR, TE and o) were used in
equations (1) and (2) for the generation of the abdoMRCAT images.
The dominant properties determining tissue appearance in MR imaging are T1 and T2
relaxation times and the proton density of the tissue. Proton density values p were not
available for all abdominal organs in the literature [20], whereas relaxation times T1
and T2 were well defined in different works [21]. Therefore, in a first approach, an
estimation of p (i.e. estimated p) was derived from in-vivo T1-weighted (i.e. VIBE)
and T2-weighted (i.e. TrueFISP) acquisition, by segmenting a region of interest in each
organ, and deriving p from the sequence equations (1) and (2) and performing a mean
between the two p values. However, in order to avoid dependency from other factors
(such as noise and potential artifacts), specific MRI sequences were acquired to esti-
mate both T1, T2 and p values. Driven equilibrium single pulse observation of Tl
(DESPOTI,11 flip angles in the range 3°-45°) and T2 (DESPOT2, 8 flip angles in the
range 8°-64°) as described in [22] were acquired on the abdomen of one healthy volun-
teer. These acquisitions were used to derive T1-map, T2-map and p-map.
T1, T2 values were compared with the literature and p values derived from DESPOT
acquisition were compared to the estimated values from equation (1) and (2) of in-vivo
VIBE and TrueFISP (Wilcoxon test, alpha=5%). Differently from Wissmann et al.
[17], no contrast agent concentration was considered.

2.2 Coil operator S and noise n

The effect of the coil sensitivity operator was implemented as proposed by [16], in
which the phantom signal (T (T1,T2,p) - C(TE,TR,a) - 0(X,t)) was combined with a
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simulated sensitivity map of the coil. The maps were designed as a linear fall-off with
the sum of squares was equal to 1 and a circular arrangement of the coils around the
abdomen (Neoils=8).

The presence of noise in MRI images was simulated by adding a Gaussian noise in
order to satisfy the signal to noise ratio of in-vivo acquisitions (SNR=20).

in-vivo TrueFISP in-vivo VIBE

Fig. 1. In-vivo acquisitions. T2-weighted TrueFISP (left) and T1-weighted VIBE (right). Red
arrows indicate blood.

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

The image-domain model was transformed to the k-space domain via the discrete Fou-
rier transform. Then, the k-space was sampled according to the sequence sampling
approach. Specifically:

- VIBE [18]: the k-space was filled with a 70% sampling factor in the phase encoding
(PE) directions. The remaining k-space was filled with zeros to provide smaller voxel
size and maintain short imaging time.

- TrueFISP [19]: the k-space sampling was based on a generalized auto-calibrating
partially parallel acquisition (GRAPPA) [23], with the aim to speed up the MRI pulse
sequence in order to acquire fast slices able to describe the respiratory cycle(i.e. acqui-
sition time ranged from 180msec to 300msec, as proposed in the literature [5]).

In the GRAPPA algorithm, unsampled k-space lines (i.e. sampling factor = 2, i.e. ac-
quisition of interleaved lines) are synthesized by a linear combination of acquired
neighboring k-space data (Nre=256 and Npe=256) 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. auto-calibration (AC) lines, Nac=16).

2.4 Image reconstruction

Once all k-space (3D for VIBE and 2D for TrueFISP) samples were obtained for a
particular coil, an inverse Fourier transform was used to generate the uncombined im-
age for that coil. The full set of Neois uncombined images can then be combined using
a normal sum of squares reconstruction [23].

Reconstructed images of all respiratory phases were qualitatively compared to in-vivo
T1-weighted (VIBE) and T2-weighted (TrueFISP) acquisitions. Errors were quantified
by computing the difference between the reference phantom and the reconstructed
images.
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3 Results

Table 1 shows the T1 and T2 values reported in the literature and p values derived from
VIBE and TrueFISP equation (i.e. estimated p). In addition, T1, T2 and p values quan-
tified via DESPOT acquisitions are also reported. Background and air were set to 0.
Blood was not measured via DESPOT because of flow effects that cannot be compen-
sated with the acquisition.T1 and T2 values derived from DESPOT differed from the
literature [21] of 28% and 38% on average across tissues respectively, and the two
populations (i.e. T1 and T2 literature vs. T1 and T2 DESPOT) did not result signifi-
cantly different. The difference between p values derived from DESPOT and the ones
estimated from VIBE and TrueFISP equations was as 37%. No significant difference
was also observed between these two groups (i.e. estimated p vs. DESPOT p). Bowel,
spleen and heart yielded higher estimated p values than the ones obtained with
DESPOT. Values for p obtained with DESPOT for liver, spleen and bone were closer
to literature ones [20] with respect to the estimated p.

Fig. 2 shows the abdoMRCAT images obtained by changing the proton density value
of blood puiood by using the estimated blood value from TrueFISP (12766) and VIBE
(1397) separately and by using the mean of the two acquisitions (7081) for both se-
quences. A comparison with an in-vivo acquisition (Fig.1) shows that in the abdoM-
RCAT with a polood specific for each sequence, blood in the heart for the phantom re-
sulted more similar to blood in vessels shown in in-vivo acquisitions (i.e. dark for
VIBE and bright for TrueFISP) with respect to using the mean poiood value (i.e. 7081)
for both TrueFISP and VIBE simulations.

A quantitative analysis was also performed by computing the error as difference be-
tween the original phantom and the reconstructed one for all the respiratory phases
(Fig. 3).The error maps showed pronounced edge effects for VIBE, whereas a more
homogeneous distribution was maintained for TrueFISP. The errors obtained compu-
ting the difference between the original phantom and the reconstructed one were 10%
and 7% (mean among all the phases) for VIBE and TrueFISP respectively.

Table 1.Tissue parameters. First and second columns: T1 and T2 values [msec] in the literature.
Third column: estimated proton density p values [a.u.] from VIBE and TrueFISP acquisitions
(literature values in brackets). Last columns: T1, T2 and p obtained from DESPOT maps.

T1 [msec] T2 [msec] estimated p T1 [msec] T2 [msec] p [a.u]
literature literature (literature DESPOT DESPOT DESPOT
value) [a.u.]

background 0 0 0 0 0 0
air lung 0 0 0 0 0 0
body 240 85 1198 376 30 1336
bowel 100 10 1325 122 8 117
muscle 900 50 3342 825 28 3195
kidney 650 70 3832 921 40 1972
heart 1000 20 6150 1032 20 1346
liver 420 45 2797 (2182) 506 30 2023
blood 1500 20 7081 - - -
spleen 1514 65 4968 (2088) 1466 52 1428
cartilage 1060 35 977 588 16 1100
bone 732 30 916 (1343) 753 36 1041

132



abdoMRCAT - TrueFISP  abdoMRCAT - TrueFISP abdoMRCAT - VIBE abdoMRCAT - VIBE
Poiood = 12766 Phiood = 7081 Pbiood = 1397 Pblood = 7081

Fig. 2. Blood proton density. abdoMRCAT with a py;,0q Value selected in a sequence-specific
fashion (i.e. 12766 for TrueFISP and 1397 for VIBE) and a mean value approach (7081) for both
sequences. Red arrows indicate blood.

exhale inhale

reference image reconstructed image error reference image  reconstructed image

(A)
TrueFISP

reference image reconstructed image reference image

error

reconstructed image error

Fig. 3. Image reconstruction. (A) TrueFISP and (B) VIBE with the original reference MRI phan-
tom, the reconstructed image and the error for both exhale and inhale.

4 Discussion and Conclusion

In this work, we describe the basis for the implementation of an abdominal 4D MRI
phantom by extending the 4D NCAT phantom designed by Segars et al. [12]. A similar
work has previously been reported in the literature by Wissmann et al. [17] 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 validation purposes.

The tissue parameters Tl and T2 obtained using specific MR sequences (i.e.
DESPOTI1 and DESPOT2) [22] were consistent with the literature [21], supporting
their use in the phantom. Our acquisitions did not however take into account inhomo-
geneities which are recognized to influence T1 and T2 measurement. Subtle correc-
tions in the T1 and T2 values may therefore be warranted in the future. Proton density
values for abdominal organs appear to be largely absent from the literature. The values
obtained from p-maps derived from the DESPOT data were compared with estimated
values extracted from in-vivo T1-weighted and T2-weighted acquisitions (i.e. deriving
p values from equation (1) and (2)): a mean discrepancy of 37% was found, with com-
parable values in all organs, without a significant difference between estimated p and
DESPOT p. Spleen, bowel and heart p values were over-estimated by in-vivo T1/T2
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acquisitions (4968). However for spleen, a lower value was observed in DESPOT
(1428) resulting more similar to the literature (2088). Also bowel and heart presented
lower values in DESPOT estimation, however these two organs were difficult to ana-
lyze due to artifacts associated with filling and contraction. Furthermore, we did not
derive the proton density value for blood as flow effects [24] could not be adequately
compensated for with the available DESPOT sequences, and in the presence of in/out-
flowing blood, the signal equations (i.e. equation (1) and (2)) are not appropriate for
the VIBE and TrueFISP signals. Moreover, the magnetization described by the signal
equations does not include signal alteration due to motion during sampling [17]. In
addition, steady-state free precession MRI as TrueFISP is a type of gradient echo MRI
pulse sequence in which a steady, residual transverse magnetization is maintained be-
tween adjacent breathing cycles. Conversely, spoiled gradient echo MRI, such as
VIBE, is an MRI technique which destroys residual transverse magnetization at the end
of'each excitation cycle. Blood and other fluids may therefore exhibit spoiled contrast
behavior, even though stationary tissue remains in a steady-state free precession. For
this purpose, in order to obtain simulations similar to in-vivo acquisitions, we applied
to blood the specific estimated p value obtained via in-vivo T1 and T2-weighted acqui-
sitions, allowing to have dark blood and bright blood in VIBE and TrueFISP respec-
tively, even if blood flow is not adequately accounted for by their signal equations. In
addition, the reconstruction errors were 10% and 7% for VIBE and TrueFISP respec-
tively, 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 in contrast
to the calibrated and bi-dimensional reconstruction of the TrueFISP acquisition.

In conclusion, we presented the preliminary steps on the simulation of MRI sequences
for the construction of an abdominal 4D MRI phantom that can be considered as a
framework for the validation of MR image reconstruction and quantitative post-
processing approaches to improve organ motion quantification and compensation.
Furthermore, our work provided also a preliminary quantification of tissue parameters
including proton density values of abdominal organs. Future works on tissue parame-
ters are needed as MR-based measurements are dependent on sequence used and
sources of error such as field inhomogeneity. Because a spin’s history of radio-
frequency pulses and relaxation intervals determines the appearance in MRI, a more
extensive consideration of the object model is required in MR simulations. In addition,
a deep analysis of the reconstruction effects on the 4D motion will be taken into con-
sideration. Further extensions to the phantom include the incorporation of spin history
and additional effects such as susceptibility and magnetization transfer.
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