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Purpose: MRI is increasingly being used for radiotherapy planning, simulation, and in-treatment-
room motion monitoring. To provide more detailed temporal and spatial MR data for these tasks,
we have recently developed a novel self-gated (SG) MRI technique with advantage of k-space phase
sorting, high isotropic spatial resolution, and high temporal resolution. The current work describes the
validation of this 4D-MRI technique using a MRI- and CT-compatible respiratory motion phantom
and comparison to 4D-CT.

Methods: The 4D-MRI sequence is based on a spoiled gradient echo-based 3D projection recon-
struction sequence with self-gating for 4D-MRI at 3 T. Respiratory phase is resolved by using SG
k-space lines as the motion surrogate. 4D-MRI images are reconstructed into ten temporal bins with
spatial resolution 1.56x1.56 x 1.56 mm?. A MRI-CT compatible phantom was designed to validate
the performance of the 4D-MRI sequence and 4D-CT imaging. A spherical target (diameter 23 mm,
volume 6.37 ml) filled with high-concentration gadolinium (Gd) gel is embedded into a plastic box
(35x40x63 mm?) and stabilized with low-concentration Gd gel. The phantom, driven by an air
pump, is able to produce human-type breathing patterns between 4 and 30 respiratory cycles/min.
4D-CT of the phantom has been acquired in cine mode, and reconstructed into ten phases with slice
thickness 1.25 mm. The 4D images sets were imported into a treatment planning software for target
contouring. The geometrical accuracy of the 4D MRI and CT images has been quantified using target
volume, flattening, and eccentricity. The target motion was measured by tracking the centroids of the
spheres in each individual phase. Motion ground-truth was obtained from input signals and real-time
video recordings.

Results: The dynamic phantom has been operated in four respiratory rate (RR) settings, 6, 10, 15,
and 20/min, and was scanned with 4D-MRI and 4D-CT. 4D-CT images have target-stretching, partial-
missing, and other motion artifacts in various phases, whereas the 4D-MRI images are visually free
of those artifacts. Volume percentage difference for the 6.37 ml target ranged from 5.3% +4.3% to
10.3% +£5.9% for 4D-CT, and 1.47+0.52 to 2.12 +1.60 for 4D-MRI. With an increase of respiratory
rate, the target volumetric and geometric deviations increase for 4D-CT images while remaining
stable for the 4D-MRI images. Target motion amplitude errors at different RRs were measured with a
range of 0.66—1.25 mm for 4D-CT and 0.2-0.42 mm for 4D-MRI. The results of Mann—Whitney tests
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indicated that 4D-MRI significantly outperforms 4D-CT in phase-based target volumetric (p = 0.027)
and geometric (p <0.001) measures. Both modalities achieve equivalent accuracy in measuring

motion amplitude (p = 0.828).

Conclusions: The k-space self-gated 4D-MRI technique provides a robust method for accurately
imaging phase-based target motion and geometry. Compared to 4D-CT, the current 4D-MRI tech-
nique demonstrates superior spatiotemporal resolution, and robust resistance to motion artifacts
caused by fast target motion and irregular breathing patterns. The technique can be used extensively
in abdominal targeting, motion gating, and toward implementing MRI-based adaptive radiotherapy.
© 2015 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4929552]
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1. INTRODUCTION

Four-dimensional (4D) computed tomography (CT) is cur-
rently a standard in radiotherapy planning to assess respiratory
motion and determine treatment margins for target tumors.' =
An internal target volume (ITV), derived from the union vol-
umes of all breathing phases or a maximum intensity projec-
tion, is typically used to derive the planning target volume
(PTV) for the majority of treatment planning and delivery tech-
niques in which motion is an issue. Use of an ITV generally
provides an adequate margin on the target, however, it may
also lead to increased potential toxicity to surrounding healthy
tissue.

Phase-resolved target definition and motion management
are highly desired in clinical practice.*> However, implemen-
tation of phase-resolved imaging has several technical diffi-
culties due to the limitations of current acquisition hardware
and respiratory phase reconstruction software, especially for
reconstruction based on retrospective sorting of sequential
axial acquisitions of 3D-CTs using an external respiratory
surrogate.® This imaging process is prone to manifest motion
artifacts caused by irregular breathing patterns, and low spatio-
temporal resolution. It has been reported that 90% of scans
have at least one artifact in a retrospective study on 50 patients
with lung and abdominal tumors.’

Recent developments in 4D-MRI techniques provide alter-
native solution(s) to the motion assessment problems in radio-
therapy. Various early efforts have been made toward devel-
oping real-time 3D volumetric acquisition,® !> however, the
trade-off between spatial and temporal resolution has limited
its application in tumor targeting and motion assessment. An
alternative strategy has been recently proposed which will
improve the frame rate and in-plane spatial resolution based on
respective sorting of 2D multislice acquisitions.'*~!” However,
the slice resolution must remain relatively low (i.e., 3—10 mm)
in order to maintain satisfactory 2D slice profile and signal
or to reduce the total scan time. More importantly, the image
reconstruction, similar to 4D-CT, still relies on sorting of
postreconstructed slice images, so it is vulnerable to irregular
breathing and anisotropic spatial resolution, and may suffer
target stretching and partial missing artifacts.'®!? Therefore,
currently available 4D techniques have limited ability to pro-
vide an optimal solution for phase-resolved target imaging in
radiotherapy.

We have recently reported a novel 4D MRI method based
on self-gating motion surrogate and retrospective k-space
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sorting.’%22 The 4D acquisition is completed in a fixed scan
time and provides both high spatial and high temporal resolu-
tion. This approach resolves the respiratory phase sorting and
reconstruction all in k-space. One of the important advantages
of the technique is that the phase sorting is self-gated without
prescan selection or in-scan external respiratory surrogate
acquisition. This technique allows the removal of motion
outliers and artifacts without interrupting the acquisition.??
Another major advantage of the technique is that it pro-
vides isotropic high spatial resolution, which enables accu-
rate evaluation of phase-based target definition and motion
measurement.

The goal of the current study is to conduct a geometric vali-
dation of the 4D MRI technique using a MRI/CT compatible
respiratory motion phantom, and to compare the 4D MRI tech-
nique to 4D CT using the motion phantom. Clinical imaging
results and a description of the imaging sequence development
have been reported in Ref. 22, and a manuscript describing
clinical evaluation of the sequence for radiotherapy use in
pancreatic cancer is in preparation.

2. METHODS
2.A. 4D-MRI acquisition

The 4D-MRI sequence is based on spoiled gradient echo-
based 3D projection reconstruction (PR) sequence with self-
gating (SG) at 3 T.>>?3 Figure 1 illustrates the flowchart of 4D
image acquisition. Radial projections in k-space are contin-
uously collected in a 2D golden means ordering®* that al-
lows for flexible retrospective data sorting. The respiration-
induced shift of the imaging target is recorded by a group of
two superior-inferior (SI) k-space projections (i.e., SG lines),
which are inserted every 15 radial projections (i.e., imag-
ing lines). The temporal interval between two SG lines is
approximately 98 ms [Fig. 1(a)]. A total of 86160 radial
projections and 5744 SG lines are obtained in 8 min in the
scans used in the current study. The 8 min acquisition time
was determined to provide an adequate number of k-space
projections based on our earlier work in human abdominal
imaging studies.?

Respiratory phase is resolved by extracting the respiratory
signal from SG lines. The Fourier transform of a SG line
represents a 1D projection of the entire imaging volume. The
respiratory motion signal was extracted by applying principal
component analysis (PCA) to the projection profile time series
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Fig. 1. The flow chart for 4D-MRI acquisition and phase sorting of reconstruction. (a) Image sequence with k-space segments, consisting of SG and 15
radial projection lines, giving a temporal interval of ~98 ms between each SG line. A total of 86 160 projections were collected with 5744 SG lines after an
approximately 8 min scan. (b) The SI respiratory curve is extracted by the PCA-based method. As shown in the left side curve, each point (in solid dot) represents

a SG line (indicated by arrows). Many SG lines contribute one cycle of the respi

entire imaging acquisition. (c¢) The respiratory cycle is divided into ten phases.

ratory curve. The resultant curve represents the respiratory motion through the
The projections with the same phase number (shown in solid segments) are

assigned to a resolved phase in 4D (shown in shade). Furthermore, motion artifact removal is built in to the reconstruction. Any abnormal segments [shown in

circled segments in (b)] will be excluded from reconstruction.

from all channels.>»*> As shown in Fig. 1(b), the respiratory
motion of the target is plotted as the relative SI displacement
derived from SG lines. On this curve, the respiratory cycles are
identified by the time period of two neighbor expiratory peaks.
Motion is sampled by SG every 98 ms (i.e., 17 X TR, due to
the acquisition of 15 imaging lines and two SG lines), which is
much shorter than the typical respiratory cycle lengths (>4 s,
typically).

To sort the phase data, respiratory cycles are temporally
evenly divided into 10 bins. The k-space data with the same
phase number for all respiratory cycles are assigned to a final
nominal phase bin. As shown in Fig. 1(c), the phase informa-
tion of each bin (e.g., bin-6) is contributed by that same bin
(e.g., all bin-6s) for all validated cycles [Fig. 1(b)]. To suppress
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motion artifacts, segments with the abnormal time period or
inconsistent positions (>mean+ two standard deviations) are
considered to be outliers [e.g., dashed-circles in Fig. 1(c)], and
are excluded from phase binning. After sorting k-space data,
the image of each individual phase is reconstructed using a
self-calibrating sensitivity encoding (SENSE) reconstruction
method,?? which uses the receiver coil sensitivity information
to suppress aliasing artifacts. No other correction, such as bias
field, was used in the 4D reconstruction.

In the phantom experiments, the cubic imaging volume of
4D-MRI was centered on the moving phantom with the follow-
ing imaging parameters: FOV (300 x 300 x 300 mm?), spatial
resolution (1.56 x 1.56 x 1.56 mm?), flip angle (10°), TR/TE
= 5.8/2.6 ms, readout bandwidth = 399 Hz/pixel, nonselective
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water excitation RF pulse. The reconstructed 4D-MRI image
set consists of ten temporal phases.

2.B. MRI-CT respiratory motion phantom

A MRI-CT compatible phantom was designed to vali-
date the performance of the 4D MRI sequence and 4D CT
imaging. A spherical target (diameter 23 mm, volume 6.37
ml) filled with high-concentration gadolinium (Gd) gel was
embedded into a plastic box (35x40x 63 mm?) and stabilized
with low-concentration Gd gel [Fig. 2(e)]. The plastic box
was further stabilized with plastic supports and sealed into a
water container. The phantom was designed to have similar
contrast between target and background for both MRI and CT
imaging.

The phantom can produce superior-inferior motion driven
by an air pump which is placed outside the MRI room. Hu-
man respiratory motion was mimicked using the controller
module of the dynamic breathing phantom (RSD TM), which
has the capability to produce various human respiratory rates
(2-20 s/cycle) and breathing depths (3-30 mm). The RSD
controller model is able to provide two respiratory signals (Fig.
2): pressured air generated by the air pump and mechanical
motion generated by the linear actuator. The former is used
to drive the phantom in the SI direction during both CT and
MRI scans, and the latter output is used to drive the motion

""'""| Phantom Input

_.'.- -
:

m== RPM Box Input

4D-CT Setup

L T L T T T T T L "
tém!ngztfffglll‘l'r‘

surrogate in the anterior—posterior (AP) direction for 4D-CT
scans. In our experiments, the motion system simulated the
human breathing patterns using diaphragm motion (target) and
chest wall motion (RPM box). To achieve this, the external
surrogate (RPM box) was driven by the same respiratory rate
and amplitude of target input signal but with 90° phase shift, as
shown Fig. 2. Before experiments, the system was calibrated
to synchronize the two motions and this synchronization was
further verified with video recordings. Therefore, motion arti-
facts due to uncoordinated external surrogate motion were
eliminated.

The respiratory rates and depth were calibrated by tuning
the controller parameter and adjusting input and output air
volume. The calibrated curve as a function of respiratory rate
and depth is shown Fig. 3. As a result, the phantom is able
to produce human-type breathing patterns between 4 and 30
respiratory cycles/min. In addition, the RR is inversely propor-
tion to breathing depth: it can produce a fast respiration rate
with shallow breathing depth (e.g., 30/min, 2 mm), and a slow
respiration rate with deep breathing (e.g., 6/min, 20 mm). Four
respiratory rate settings, 6, 10, 15, and 20/min, were selected to
be used in MRI and CT acquisitions with their corresponding
respiratory cycle times and depths of 10 s/20 mm, 6 s/15 mm,
4 /10 mm, and 3 s/7 mm. During scans, the ground truth for
the motion was obtained from input signals and validated by
real-time video recordings.

Motion phantom

/Ta rget

8

Target geometry

Fic. 2. Dynamic MRI phantom and experiment setup. The phantom is driven by a commercial RSD controller module with two motion outputs: the modulated
pressure air generated by air pump, and mechanical motion generated by a linear actuator. The former is used to drive the target, and the latter is used to drive an
external surrogate (RPM box) during 4D-CT acquisition. The target is filled with high-concentration Gd-gel, and is stabilized in a plastic box. The plastic box is

filled with low-concentration Gd-gel, and further is embedded in a water box.

Medical Physics, Vol. 42, No. 10, October 2015
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Fic. 3. Motion calibration curve of the dynamic phantom as a function of
RR. The red circles indicate that four RR settings (6, 10, 15, and 20) are used
in this study.

2.C. 4D CT acquisition

4D CT images were acquired using a GE CT590 CT scanner
with cine mode. Before each 4D-CT, the phantom was scanned
in helical mode to acquire a static 3D image. During the 4D-CT
scans, a linear actuator operated by the RSD motion controller
was used to produce external respiratory AP motion. As shown
in Fig 2(d), a RPM plastic box labeled with infrared markers
was placed on the tip of the line actuator, where it can be
tracked by the Varian RPM system during 4D-CT scans. The
AP motion of the linear actuator was set to be 90° (orthogonal)
to the SI motion of output of air pump.

Images were acquired for a cine duration that was set to
1.5 s longer than the estimated respiratory period from the
RPM system. Scan parameters were set as follows: 1 s gantry

5791

rotation, 0.2 s cine interval. The slice thickness was set to
2.5 mm for motion ranges larger than 2.0 cm, and 1.25 mm for
those 2.0 cm or less. The 4D-CT images were reconstructed by
GE Advantage 4D software. Specifically, raw 4D-CT cine im-
ages were sorted retrospectively into respiratory phase-based
bins. Each CT slice in the raw cine images was assigned a
phase number according to the temporal correlation between
the RPM trace and CT data acquisition. Then, the images with
the same phase were used to construct 3D-CT data sets, and
sorted retrospectively into ten respiratory phases (i.e., from 0%
to 90% phase at 10% intervals).

2.D. Motion and geometric qualification

The 4D-CT and MRI images were imported into a treat-
ment planning system (Varian Eclipse v11.0) and an image
segmentation software [ITK-SNAP (Ref. 26)] for geometric
qualification. Four dimensional structure sets were created for
the 4D-CT and 4D-MRI scan sets using the 4D-CT module
in EcLIPSE. The target motion visualized with the CT and MRI
4D image sets was tracked through the positions of centroids
of spheres in each individual phase in each dataset. Mean-
while, the ground truth positions of the sphere were measured
in the recorded video and real-time 2D MRI sequence images.

Contours of the sphere targets were manually drawn for all
the phase-resolved images by two users. Based on the drawn
contours, the volumes were measured using the software. The
ground truth volume of the sphere (V1) was calculated from
the physical parameters (diameter 2.3 cm, volume 6.37 ml),
and validated by the static helical 3D-CT image. For the 4D
images, the volume deviations were calculated by comparing
the volume difference between measurements and the ground

(@

(®)

©

FiG. 4. Phantom images in axial (top) and coronal (bottom) views. (a) Static 3D-CT image, compared with phase resolved (b) 4D-CT image, and (c) 4D-MRI

image.

Medical Physics, Vol. 42, No. 10, October 2015
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truth volume, dV = Wyeasured — Vi1, and the percentage of differ-
ence dV % = (Vseasured — Vor)/ VT, as well as its absolute per-
centage difference |dV %|. Here, we assumed that volume devi-
ation represents motion-introduced errors in the gross tumor
volume (GTV) on actual patient 4D CT or MRI scans.

To examine the geometrical accuracy of the target repre-
sentation, the imaged targets were further characterized as
a spheroid with semimajor axis length, a, and semiminor

RR=6, 4D-CT

RR=6, 4D-MRI

S © )

RR=10, 4D-CT

RR=10, 4D-MRI

e

RR=15, 4D-CT

RR=15, 4D-MRI

e

RR=20, 4D-CT

RR=20, 4D-MRI

axis length, b. To obtain the axis lengths, the DICOM struc-
ture sets containing the contours of each individual phase
were exported and postprocessed in MatLaB (TM, v8.1). Two
geometric parameters of the spherical targets, flattening and
eccentricity, were calculated. The flattening (F') measures the
ratio of the difference of the two axis lengths to the semimajor
axis length F = (a - b)/a, and eccentricity (E) describes the
deviation from being circular, E = Va?—b?/a. Finally, the

FiG. 5. Phase-resolved 4D phantom images are demonstrated by phase 1, 3, 5, 7, and 9. The 4D-CT images [(a), (c), (e), and (g)] are compared with 4D-MRI
images [(b), (d), (f), and (h)] at four different respiratory rates (RR =6, 10, 15, and 20).

Medical Physics, Vol. 42, No. 10, October 2015
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Mann—Whitney test (U-test) was used to compare the perfor-
mance of 4D MRI and CT in both motion tracking and phase-
based target definition.

3. RESULTS
3.A. Results of phase-resolved reconstruction

4D MRI and 4D CT scans were acquired for the dynamic
phantom operated with four RRs: 6, 10, 15, and 20/min. Each
4D scan was reconstructed into ten phases. Figure 4 illustrates
phase-resolved images from the 4D-CT and 4D-MRI datasets
of the phantom, compared with its static 3D-CT image. As
shown in the figure, the sphere targets in the CT images have
similar gray level and contrast as the ones in the MRI images.

Figure 5 visually demonstrates the differences between the
4D-CT and MRI images, using images from individual phases
1, 3,5, 7, and 9 and acquired at different respiratory rates.
As shown, 4D-CT images in Figs. 5(a) and 5(c), 5(e), and
5(g), the images of phase 1 are visually similar to the static

RR=6

Volume [ml]

Volume [ml]

Yue et al.: Geometric validation of k-space self-gated 4D-MRI vs 4D-CT
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image, whereas other phase images appear to have more or less
motion artifact, e.g., target stretching (phase 5, RR =15), and
squeezing or partially missing information (phase 3, RR = 15).
It is also apparent that images acquired during slow motion
mode (RR = 6) appear to have fewer artifacts.

In contrast to the 4D-CT, the phase-resolved 4D-MRI
images do not have similar motion artifacts to those seen
in the 4D-CT images. As shown in 4D-MRI, in Figs. 5(b)
and 5(d), 5(f) and 5(h), all images at different phases and
different respiratory rates have nearly equivalent image quality
(e.g., compare the phase 3 at RR =20 4D-MRI vs the phase 3
4D-MR image at RR = 6). The results indicate that 4D-MRI
has robust spatial-temporal resolution at various respiratory
rates.

3.B. Results of phase-resolved geometry measures

The target volumes were contoured and measured in both
planning and segmentation software by two users. The re-
sults of Wilcoxon tests indicated that there was no significant

9

RR=10

Volume [ml]

Volume [ml]

FiG. 6. Phase-resolved target volume is compared between 4D-MRI and 4D-CT at different RRs. (a) RR =6, (b) RR=10, (¢) RR=15, and (d) RR =20. The

ground truth (green dashed line) is 6.37 ml.

Medical Physics, Vol. 42, No. 10, October 2015
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difference between contours drawn by different operators (p
=0.0003 for CT images, p << 0.0001 for MRIimages). Figure
6 shows the measured volumes plotted as a function of phase.
For the same RR setting, target volumes in 4D-MRI are very
close to the ground-truth volume, whereas some phases of 4D-
CT demonstrate a large volume measurement error. As shown
in CT images of Fig. 5(f) for RR = 15, the target sphere is
truncated at phase 3 (5.18 ml), whereas it s stretched at phase 5
(7.27 ml). This is due to motion artifact and phase-sorting error
in the 4D-CT reconstruction. Given the ground-truth volume
(6.37 ml), the percentage deviations of volume (dV %) for four
settings were calculated, shown in Fig. 7.

Table I summarizes the performance of the 4D-CT and
4D-MRI in phase-resolved volume measurement. For 4D-CT,
the absolute volume error increases with increasing respira-
tory rate, from 5.3% +4.3% (RR =6) to 10.3% +5.9% (RR
=20). The minimum and maximum phase-resolved volumes
also show the same trend. For 4D-MRI, volumetric errors at
different RRs are all smaller than 3%, and are independent of
the respiratory rates. Combining all RR settings, the overall
volumetric errors are 8.4% +5.6% for4D-CT and 1.8% +1.3%
for 4D-MRI. The Mann-Whitney test was used to examine the
statistical difference of the 4D-CT and 4D-MRI in terms of
volume measurement, with a result of p =0.027.

The results of the flattening and eccentricity metrics in 4D-
CT and 4D-MRI are compared in Table II. Similar to the trend
of the volume measurements, the mean values of flattening
and eccentricity for 4D-CT also increase with increasing respi-
ratory rate. The results indicate that fast target speed intro-
duces more motion artifacts, causing large deviation from the
original sphere shape. For 4D-MRI, however, the geometric
deviations are both much smaller than the results from 4D-
CT, and remain stable when the respiratory rate increases.
The results of Mann—Whitney tests on the two parameters, p
=0.001 for flattening, and p = 0.0005 for eccentricity, suggest
that the performance of 4D-CT and 4D-MRI is significantly
different. Together with the volume measurements, the overall
results suggest the proposed 4D MRI is significantly superior

4D-CT

Measured Volume Error [%]

BT w e mey e wr
Phase

(a)

to CT in term of phase-based target definition and geometric
measures.

3.C. Results of phase-resolved motion detection

The target motion was measured by tracking the centroid
of sphere of each individual phase. The ground truth for the
motion was obtained from input signal and video recording.
To evaluate the comparison of the methods, motion phase and
amplitude of targets were measured. Figure 8 shows the phase-
resolved target positions measured by 4D-CT and 4D-MRI
versus the ground truth. With increase of RRs, the inhale phase
(the valley on the curve) shifts to the center (from phase 6 to
phase 5) of the curve. Overall, motion phase detected by each
of the two modalities matches the ground truth well.

Motion amplitudes at different respiratory rates have been
calculated, and are listed in Table III. The motion amplitude
decreases with increase of respiratory rate, ranging from 7.7 to
20.1 mm. The results suggest that the two modalities achieve
similar accuracy in terms of detection of motion amplitudes,
although the values from the 4D-MRI are numerically better.
Note that the spatial resolution of the 4D-CT [1.27 x 1.27
x1.25 mm] at RR =10, 15, and 20 is comparable to the reso-
lution of the 4D-MRI [1.56x 1.56x 1.56 mm], except the slice
thickness for the RR = 6 4D-CT scans has to be increased to
2.5 mm due to the scan coverage requirements.

The Mann-Whitney test shows that the motion detection
using the 4D MRI was statistically equivalent to that with 4D
CT (p =0.828). In summary, the results indicate 4D MRI can
be used to accurately define target geometry and volume in
each phase, and equivalent (or better) performance with 4D
CT for measuring target motion range.

4. DISCUSSION

MR imaging has been used extensively for treatment plan-
ning of radiation therapy due to its advantage of improved
soft-tissue contrast. Since no ionization is involved, MRI can
provide a comprehensive therapy imaging solution for diag-

4D-MRI

%n“Lrﬂr'”orﬁr-mﬁﬂnr-nﬂmL

{EE 5IFN] HAE 15 BNG NN NG B ORRTD
Phase

(b)

Fi. 7. Phase-resolved target volume measurement errors dV at different respiratory rates (RR =6, 10, 15, and 20). (a) 4D-CT and (b) 4D-MRI.
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TasLE I. Target volumes measured by phase-resolved 4D-MRI and 4D-CT images. The accuracy is evaluated by the percentage deviation to the ground truth

(6.37 ml), and is illustrated by minimum and maximum volumes.

4D-CT target volume

(ml)

Phantom respiratory ~ Ground truth volume

4D-CT volume error |dV |

4D-MRI target volume

(mD) 4D-MRI volume error |dV |

rate per min (ml) Min Max (%) Min Max (%)
6 6.37 542 6.72 53+43 6.18 6.43 1.5+0.5
10 6.37 5.22 6.93 87+52 6.12 6.68 1.6 +1.7
15 6.37 5.15 7.27 92+64 6.23 6.63 2.1+1.6
20 6.37 5.17 7.52 10.3+5.9 6.13 6.49 1.8+ 1.0

nosis, planning, in-treatment-room monitoring, and therapy
response evaluation without radiation dose to the patient. With
the recent development of MRI-Linacs and other MRI-based
therapy systems,?’>° MRI-based methods for in-treatment-
room monitoring are going to be very important for these
systems. Concurrently, intensive efforts are also being devoted
to using MRI as the primary simulation and planning imaging
modality for radiotherapy in a number of clinical sites.>!3
In any scenario utilizing MRI for simulation, planning and/or
treatment guidance, accurate 4D-MRI would be an essential
component of motion management in the clinical use of MRI-
guided or monitored radiotherapy.

Several techniques for 4D-MR have recently been pro-
posed.®~'7 However, most of these approaches still rely on
either external gated or overhead prescans as the motion surro-
gate, limiting the spatiotemporal resolution and robustness
of these methods to motion artifacts. The self-gating-based
k-space sorted 4D-MR approach described here fundamen-
tally solves these issues in sequence design and reconstruc-
tion algorithm. The method features a simplified scanning
procedure, inherent motion artifact resistance, high isotropic
spatial resolution, and high temporal resolution. This study
shows that the proposed 4D-MR method is superior to 4D-
CT in terms of defining the target geometry and volume at
each individual phase, and provides accurate measurement on
motion phase and amplitude while also achieving a high and
isotropic resolution in the imaging data.

To our knowledge, this work is the first comprehensive
study on quality assurance of 4D-MRI in terms of phase-
resolved target geometry and motion using a phantom mimick-
ing human respiratory motion. An important part of this study
was the design of a MRI/CT compatible phantom. The goal
of the design was to create a phantom which was equally
relevant to either imaging modality. A water-gel mixture was
used because it provides a typical background soft-tissue
signal for both CT and MR. To produce contrast in the target,

high-concentration Gd was diluted in the target sphere, in
order to create better SNR for both CT and MR. The plastic
outside of the target also ensured a clearly defined boundary
for both CT and MRI. These design decisions were successful
at minimizing the image quality differences between the two
image modalities.

The 4D-CT results in this study are comparable to the
typical 4D-CT phantom studies in the literature. In a cross-
institutional study,'® a commercial Quasar phantom was used
in quality assurance of 4D-CT, where two targets with different
sizes, 15 mm diameter (1.77 ml) and 30 mm diameter (14.1
ml), were used. Given 1.5 and 2.5 cm motion for RR = 10
and 20, their results showed that the volumetric detection
errors in the single phase (mid-ventilation, end-inspiration,
and end-expiration) were 13.4%-32.6% for small targets and
2.5%-8.0% for large targets.'” In the current work, the size of
the target is between these two extremes (23 mm diameter, 6.37
ml) and has a mean volumetric error of 5.2%—10.3%. Based on
the comparison with 4D-CT, the k-space self-gated 4D-MRI
reported here (mean volumetric error 1.5%-2.1%) achieves
significantly superior performance in defining phase-resolved
volumes (p =0.027).

The respiratory rate (an index of target motion velocity) is
an import factor for the image quality of 4D images. Our 4D-
CT results show that phase-resolved geometric and volumetric
deviations increase with an increase of motion velocity. At fast
respiratory rates, 4D-CT is more likely to fail to accurately
identify the target geometry for each individual phase. This is
due to the limitation of the phase-sorting based 4D-CT recon-
structions, which rely on the correlation between the external
motion surrogate and the real target motion. Compared to 4D-
CT, the image quality of 4D-MRI is relatively insensitive of
target motion speed. In fact, the fast respiratory rate produces
more self-gated signals in a given scanning time (8 min).
Therefore, the image quality of 4D-MRI is not affected by
motion speed. As shown in Fig. 5, all individual phases in

TasLE II. Geometric parameters measured by phase-resolved 4D-MRI and 4D-CT images.

Flattening (F)

Eccentricity (E)

Phantom respiratory 4D-CT 4D-MRI 4D-CT 4D-MRI
rate per min Max Mean Max Mean Max Mean Max Mean
6 024 0.08+0.06 0.09 003+0.04 065 032+022 032 0.19+0.15
10 025 0.12+0.07 0.10 0.05+0.04 066 044+0.15 033 0.21+£0.18
15 023 0.13+0.08 0.07 005+0.02 064 046+0.16 036 0.25=+0.11
20 024 0.16+0.07 0.07 003+0.02 0.68 047+0.13 036 022=+0.12
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ground truth (GT, green dashed line) is measured from video recording.

4D-MRI remain the same quality and nearly free of motion
artifacts. Given this merit, target volumes measured at different
phase and respiratory rates are all within 5% [Fig. 7(b)]. The
image quality for visual comparison also shows that 4D-MRI
has excellent artifact-resistance which is phase-independent
and motion-independent.

Another factor that may introduce motion artifacts is irreg-
ular breathing patterns, which are commonly seen in patients.
4D-CT images are typically reconstructed based on retrospec-
tive sorting of sequential axial acquisitions of 3D-CTs using an
external respiratory surrogate. Irregular breathing may induce
position inconsistency in some slices which are not well corre-
lated to the corrected respiratory phase during retrospective
slice sorting. The phase-sorting errors may cause the correct

phase image slice to be replaced by its nearby phase image
slices. If the mis-sorting happens at the boundary of a structure
(e.g., the target), an extra-boundary slice (target-stretching) or
missing-boundary slice (target-squeezing) can be induced into
the scanned target.'®!”

At present, no single 4D-CT scanning system can ade-
quately handle irregular breathing. Several methods have been
proposed to reduce this type of motion artifact, for example,
audio/video coaching and adapting the scan parameters to the
breathing period. Similarly, irregular breathing would poten-
tially pose challenges to retrospective slice sorting-based 4D-
MRI techniques. Our 4D-MRI technique is designed to resist
the respiratory irregularity.”> To reduce motion artifacts, the
SG-labeled segment signals with abnormal time period or

TasLe III. The motion amplitude measured by 4D-CT and 4D-MRI at different respiratory rates. Here, motion amplitude is the difference between minimum
and maximum moving distance, and the ground truth is obtained by measurement of the motion marker in the acquired video.

Phantom respiratory Ground-truth motion 4D-CT motion

4D-CT motion amplitude 4D-MRI motion 4D-MRI motion

rate per min amplitude (mm) amplitude (mm) error (mm) amplitude (mm) amplitude error (mm)
6 20.10 21.35 1.25 19.93 -0.17
10 15.42 16.25 0.83 15.00 -0.42
15 10.50 11.21 0.71 10.62 0.12
20 7.70 8.36 0.66 7.50 0.20

Medical Physics, Vol. 42, No. 10, October 2015



5797 Yue et al.: Geometric validation of k-space self-gated 4D-MRI vs 4D-CT 5797

inconsistent position (>=mean =+ two standard deviations) are
excluded from reconstruction. This strategy does not interfere
with scanning process and avoids prospective gating which is
usually vulnerable to irregular breathing patterns. Since the
scan duration is a continuous 8-min acquisition, the available
data spanning the entire scan time are adequate to yield a qual-
ity phase reconstruction even with removal of some isolated
data.

5. CONCLUSIONS

The recently developed self-gating-based k- space sorted
4D-MRI technique has been evaluated and compared with
4D-CT techniques using a MRI/CT compatible phantom. The
4D MRI technique provides a robust approach for accurately
measuring phase-based target geometry while avoiding typical
motion artifacts. Compared to 4D-CT, the current 4D-MRI
technique demonstrates superior spatiotemporal resolution,
and robust resistance to motion artifacts due to fast target
motion and irregular breathing. The technique can be used
extensively in abdominal targeting, motion gating, and toward
implementing MRI-based adaptive radiotherapy.
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