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Purpose: Respiratory organ motion is still the major challenge
of various image-guided treatments in the abdomen. Dynamic

organ motion tracking, necessary for the treatment control,
can be performed with volumetric time-resolved MRI that

sequentially acquires one image and one navigator slice. Here,
a novel imaging method is proposed for truly simultaneous
high temporal resolution acquisition.

Methods: A standard balanced steady state free precession
sequence was modified to simultaneously acquire two super-
imposed slices with different phase cycles, namely an image

and a navigator slice. Instead of multiband RF pulses, two
separate RF pulses were used for the excitation. Images were

reconstructed using offline CAIPIRINHA reconstruction. Phan-
tom and in vivo measurements of healthy volunteers were per-
formed and evaluated.

Results: Phantom and in vivo measurements showed good
image quality with high signal-to-noise ratio (SNR) and no

reconstruction issues.
Conclusion: We present a novel imaging method for truly
simultaneous acquisition of image and navigator slices for

four-dimensional (4D) MRI of organ motion. In this method, the
time lag between the sequential acquisitions is eliminated,

leading to an improved accuracy of organ motion models,
while CAIPIRINHA reconstruction results in an improved SNR
compared with an existing 4D MRI approach. Magn Reson
Med 73:669–676, 2015. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Respiratory organ motion represents one of the key prob-
lems in various novel minimally invasive treatment
methods, such as high-intensity focused ultrasound (1),
radiotherapy (2), and proton therapy (3). These treatment
methods require not only high-quality static images of
treated organs, but also models of respiratory organ

motion. MRI is commonly used as a guiding tool due to
its excellent soft tissue contrast and high image quality.
However, artifacts caused by respiratory motion are one
of the major causes of image degradation, especially for
three-dimensional (3D) MRI of moving organs, poten-
tially obscuring important anatomic structures and
lesions. Moreover, irregularities in organ motion during
free breathing over an extended period of time are not
addressed, since common imaging methods rely on sim-
plified breathing patterns to acquire one generalized
breathing cycle (4–6).

To overcome these limitations, a four-dimensional
(4D) MRI was proposed (7). This method neither
assumes a constant breathing depth nor a strict breath-
ing periodicity, and it is not dependant on any external
breathing signal. Retrospective stacking is performed on
dynamic two-dimensional (2D) images using internal
image-based sorting to produce a series of time-resolved
3D images. As a result, precise tracking of organ
motion, including drifts and deformations, over the
range of tens of minutes has been demonstrated suc-
cessfully (7).

At present, 4D MRI requires the interleaved acquisi-

tion of 2D image and navigator slices. Image and naviga-

tor are originally acquired both in sagittal orientation,

with the navigator slice locked to the same position for

the whole acquisition, whereas the image position

changes over time to cover the whole organ of interest.

The navigator images provide information about the

breathing state, and the image slice position is indirectly

inferred by the position of the navigators immediately

before and after (7,8), resulting in a time difference

between the image and the navigator slice. Generally,

from the interleaved acquisition scheme, the construc-

tion of accurate 3D organ motion models from 4D MRI

data is currently limited by its temporal resolution, as

well as sampling efficiency. Notably, image and naviga-

tor slices, however, are acquired in the same sagittal ori-

entation, providing access to multislice acquisition

techniques (9–11).
Controlled aliasing in parallel imaging results in

higher acceleration (CAIPIRINHA) is a parallel multislice
imaging technique that modifies the appearance of alias-
ing artifacts during acquisition to improve the subse-
quent parallel image reconstruction procedure (11).
Multiple slices are simultaneously excited by multiband
RF pulses, resulting in superimposed slices. By modulat-
ing the radiofrequency (RF) phase of the individual sli-
ces in the multiband excitation pulses, the two (or more)
superimposed slices appear shifted with respect to each
other. Commonly, for simultaneous excitation of two sli-
ces, a p phase cycle is applied to the RF pulses of one of
the slices to induce a shift equal to half the field of view
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(FOV). Implementation of this concept to steady state
free precession (SSFP), however, is not straightforward,
because similar RF phase cycles are required to maintain
the steady state. To this end, linear RF phase cycles
were introduced to solve the issue of the required phase
shift between slices and the maintenance of the steady
state in each slice (12).

Commonly, simultaneous 2D multislice imaging is per-
formed using multiband RF pulses, being the optimal
choice for a fixed distance between the slices. With 4D-
MRI, however, the distance between the navigator and
the image slice is variable, making the multiband pulse
approach less practical, due to the requirement of pulses
with variable gaps and variable flip angles.

The use of CAIPIRINHA for simultaneous acquisition
of image and navigator slices for 4D MRI was first pre-
sented by Celicanin et al. (13). Subsequently, a similar
approach was reported by Giese e al. (14). Here, a new
approach for simultaneous acquisition of image and nav-
igator slices with 4D MRI is introduced based on the one
reported by Celicanin et al. The proposed method is
based on the CAIPIRINHA technique and is evaluated in

phantoms and in vivo. Our results indicate that this
method can achieve higher accuracy in the generation of
motion models and improved signal-to-noise ratio (SNR)
with respect to the original approach.

METHODS

A standard balanced SSFP (bSSFP) sequence was modi-
fied to simultaneously excite two slices, namely an
image and a navigator slice. An exemplary diagram of
the modified bSSFP pulse sequence is shown on Fig. 1a.
The image slice is excited by the first RF pulse, while
the second RF pulse excites the navigator slice. The cor-
responding slice selection gradients have an opposite
polarity to achieve nulling of the zeroth-order moment of
the gradients at the echo (TE) and repetition (TR) time.
This introduces a gap between the two pulses equal to
twice the ramp time of the gradients (�250 ms). Because
both slices share the same frequency and phase encod-
ings, they become superimposed on top of each other in
the acquired image. Different phase cycling schemes are
thus applied to the two RF pulses in order to both keep
the bSSFP signal of the two slices in the passband
regime and distribute the acquired slices over the FOV.
In order to achieve a shift of half the FOV, which maxi-
mizes the coil sensitivity variations and subsequently
the reconstruction accuracy, the phase increment for the
phase cycling of the image slices was manually select-
able (to minimize banding artifacts, with a default of
þp/2), while the phase cycling of the navigator slice was
fixed to an offset of p with respect to the image excita-
tion RF pulse.

With 4D MRI, the navigator slice position is kept con-
stant, but the image slice position is changing sequen-
tially during the data acquisition (7). To enhance
transition into steady state, every time the slice position
was changed, a series of 10 preparation pulses of increas-
ing flip angles (Kaiser-Bessel preparation) was used to
suppress transient signal oscillations (15). For the navi-
gator slice, the steady state was maintained by dummy
RF pulses of a constant amplitude, and the same phase
cycling scheme as during imaging (Fig. 1b). For a special
case when the slice and navigator positions were identi-
cal, only one RF pulse was played (ie, only the navigator
slice was acquired).

The sequence was evaluated on a phantom and in vivo
on a 1.5T whole body MRI clinical scanner (MAGNE-
TOM Avanto; Siemens Medical Solutions, Erlangen, Ger-
many). The modified 4D MRI bSSFP sequence was used
with the following parameters: TE¼1.84 ms; TR¼ 3.18
ms; flip angle¼50�; FOV¼ 22.5 � 24 cm2; matrix¼ 120
� 128; slice thickness¼6 mm; partial Fourier factor¼ 6/
8; and bandwidth¼ 1184 Hz/pixel. The total acquisition
time for a stack of 20 images and 20 navigators was �6 s.
The phase cycling angle was manually optimized on a
case-by-case basis by repeating the acquisition until an
optimal image quality was obtained.

Coil sensitivity maps were acquired in free breathing
with a proton density–weighted spoiled gradient echo
sequence (TE¼3.48 ms, TR¼ 7.2 ms, flip angle¼25�,
bandwidth¼ 260 Hz/pixel), having essentially the same

FIG. 1. a: Diagram of the CAIPIRINHA 4D bSSFP sequence. The
first RF pulse (RF1) excites the image slice, while the second RF
pulse (RF2) excites the navigator slice. The two signals are acquired

simultaneously by means of a conventional bSSFP readout
scheme. b: Descriptive representation of the RF pulse amplitude

evolution during a change of image slices. A Kaiser-Bessel prepa-
ration is executed for the new image slice, while the navigator slice
is kept in the steady state by constant amplitude RF pulses.

670 Celicanin et al.



resolution and FOV as the bSSFP images. Four averages
were acquired to compensate for the respiratory motion.

The CAIPIRINHA images were reconstructed using the
adapted sensitivity encoding (SENSE) (16) algorithm
with the reduction factor of R¼ 2. All reconstructions
were performed offline on a standalone personal com-
puter (PC) in the MATLAB programming environment
(MathWorks, Natick, Massachusetts, USA).The phantom
experiments were performed on a spherical agar phan-
tom using a 12-channel head coil. Twenty repetitions of
the proposed CAIPIRINHA sequence and 20 repetitions
of the original 4D MRI protocol, adapted to match spatial
and temporal resolutions, were acquired. The protocol
parameters of the original 4D MRI were as follows:
TE¼ 1.38 ms; TR¼ 2.92 ms; flip angle¼50�; FOV¼ 27.3
� 34.9 cm2; matrix¼ 150 � 192; slice thickness¼6 mm;
partial Fourier factor¼6/8; bandwidth¼ 1184 Hz/pixel;
and SENSE with acceleration factor¼ 2. SNR maps were
calculated by dividing the temporal average of the signal
across the repetitions in each voxel by its standard devi-
ation (17–19). The average SNR was calculated over a
large region of interest comprising most of the phantom.

In vivo experiments were performed in the abdomens
of four healthy volunteers (male, n¼ 3; female, n¼ 1)
with different amounts of subcutaneous adipose tissue
during free breathing to evaluate the robustness of the
method with respect to body shape. For these experi-
ments, a standard six-channel surface body coil and a
nine-channel spine coil were used. Informed consent
was obtained from each volunteer to participate in the
study.

In order to compare CAIPIRINHA-based 4D MRI with
the original method described by von Siebenthal et al.
(7), we acquired a sequence of 90 consecutive repetitions
of one of the healthy volunteers with the original 4D
MRI protocol (7) and with the sequence and protocol
described herein (total scan time: �60 min). In both
cases, the 4D MRI reconstructions were computed retro-
spectively as described by von Siebenthal et al. However,
in either case, no averaging among the best matches was
performed when stacking the data slices. Instead, only
the single best matching data slice for each navigator
was used to avoid further obfuscation in the comparison.
Another difference from the von Siebenthal et al. method
was the use of nonrigid image registration instead of sim-
ple template matching for determining the frame similar-
ity of the navigators, which resulted in dense
deformation fields instead of only a few tracked points.
For that task, we used the NiftyReg library (20).

The g-factor maps were calculated for each slice
according to

gi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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where C is the coil sensitivity matrix. Additionally, the
g-factor maps for the original 4D MRI approach with the
in-plane SENSE with the acceleration factor of 2 (SENSE
�2) was calculated for each slice. Regions of interest
were drawn around the whole liver, as it was the organ
of interest in this case, and the mean and maximum

g-factors were calculated for each slice. Finally, the rela-
tive SNR compared with the unaccelerated counterpart
(SNRunac) was calculated according to:

SNRCAIP

SNRunac
¼ 1

gCAIP
; [2]

SNRSENSEx2

SNRunac
¼ 1

gSENSEx2

ffiffiffi
2
p : [3]

Further theoretical details about the equations can be
found in Breuer et al. (11).

RESULTS

In the phantom experiments, the method was able to
acquire and unfold two slices simultaneously. In the
originally acquired slices, the image and navigator slices
appeared superimposed on top of each other, shifted by
half of the FOV. Generally, CAIPIRINHA-SENSE recon-
struction separated the navigator from the image without
any visible reconstruction artifacts (Fig. 2, first three col-
umns). The resulting signal was homogeneous, compati-
ble with the composition of the phantom and a sum-of-
squares reconstruction deriving from the 12-channel
head coil. The SNR maps (Fig. 2, fourth and fifth col-
umns) were more homogeneous in the case of CAIPIRI-
NHA reconstruction due to its most efficient usage of
coil sensitivities with respect to conventional parallel
imaging used in the original 4D MRI sequence (11).
The overall average SNR was also higher for the pro-
posed CAIPIRINHA case with respect to the original
sequence (7).

The g-factor maps of an in vivo volunteer were calcu-
lated for the image and navigator for each slice position
(Fig. 3a). The original 4D MRI approach of performing
the SENSE with the acceleration factor of 2 (here referred
as SENSE �2) was evaluated as well; the corresponding
g-factor maps are shown in Fig. 3a for the same slice
positions as for the image and navigator. Figure 3b
shows the calculated mean and minimum relative SNR
for the CAIPIRINA and SENSE �2 approach as a func-
tion of the slice position; the navigator was the slice
number 11 and is marked with a vertical line.

The four volunteers exhibited different amounts of adi-
pose tissue, which appeared hyperintense in the bSSFP
images. Despite these differences, the reconstruction was
successful in all volunteer cases (Fig. 4). There were no
artifacts arising from the simultaneous acquisition. In
some slices, the liver parenchyma appeared darker
because of the off-resonance profile of the bSSFP acquisi-
tion. In general, the navigator slices have a more pro-
nounced inflow effect due to a higher saturation, since
they are continuously excited; however, this is beneficial
for the retrospective stacking (7).

The stacking of a time-resolved 3D dataset from the
90-repetition acquisition was successful both in CAIPIRI-
NHA and in the original 4D MRI case. However, the orig-
inal 4D MRI presented some mismatching in the stacking
due to the time difference between image and navigator
slices. The image quality of the CAIPIRINHA stacks
was noticeably improved due to an increased SNR.
Figure 5a–5d and 5e–5h shows the triplanar view and a
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respective 3D stack of the standard 4D MRI and our
approach, respectively. The time-resolved 3D stacks are
shown in Fig. 5i and 5j, again for the 4D MRI and for
our approach, demonstrating the reduced mismatching
(arrows) in our approach.

DISCUSSION

We have presented a novel imaging method for simulta-
neous acquisition of image and navigator slices using a
flexible CAIPIRINHA acquisition strategy for 4D MRI
organ motion imaging. As a result, and in contrast with
previous work (7), the image and navigator slices have
no temporal mismatch. The major focus here is to pro-
duce time-resolved series of 3D image datasets to build
motion models of internal organs. The final aim of these
models is to guide “beam therapies” (eg, high-intensity
focused ultrasound, proton beam therapy), where free
breathing and motion tracking are preferred over breath-
hold or triggered approaches. In particular, motion track-
ing is important in high-intensity focused ultrasound
treatments because it allows an effective targeting of the
delivered thermal dose, which leads to a reduction of

the collateral thermal damage to tissues surrounding the
lesion (21,22).

For this application, the superiority of using a full 2D
navigator with respect to a more conventional diaphragm
position tracking by a single pencil-beam navigator was
proven in (8). In addition to providing information con-
cerning the respiratory phase, navigator images can also
track nonperiodic and long-term motion, such as organ
drifts over time.

In this study, scanning was performed on a standard
1.5T clinical system, while processing of images was
done offline, with no special requirements to the clinical
setting. When used with a high flip angle to enhance the
signal from blood vessels (by saturating the tissue and
exploiting the inflow effect), the multislice CAIPIRINHA
acquisition is limited by a specific absorption rate and
RF power amplifier limits.

However, in order to be suited for this application, the
original CAIPIRINHA method needed some adaptation.
Because the navigator and the image slice were acquired
simultaneously with different phase cycles, the conven-
tional p-phase cycling scheme of contemporary bSSFP pro-
tocols could not be used. Such a phase cycling scheme

FIG. 2. Phantom exemplary images. Superimposed images with their respective reconstructed image and navigator slices are shown for

different slice positions (the total number of slices was 20; 2, 3, 5, and 7 represent slice numbers, and the navigator slice was number
10). SNR maps calculated for each slice are shown for both the CAIPIRINHA approach and the reference 4D MRI. Average SNRs calcu-
lated over the region of interest are also provided.
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would result in an image acquired in the middle of the
passband, whereas the other one would be centered in the
stopband of the bSSFP signal. Instead, a þp/2 and a �p/2
phase cycling scheme [as proposed by St€ab et al. (12)] was
preferably used for the image and the navigator slices,
respectively. This allowed acquisition of both slices in the
passband, but increased sensitivity to off-resonance effects
and therefore banding artifacts, which limited imaging on
MR systems with good field homogeneity and accurate
shimming. Manually changing the phase cycling scheme of
one of the slices helped optimize image quality in our
setup. Alternatively, the sequence could be modified by

introducing a spoiling gradient at the end of TR to become
an SSFP-free induction decay (FID) or spoiled gradient
echo sequence, eliminating the banding issue at the cost of
a reduced signal level and different contrast.

Typically, simultaneous excitation of two slices is per-
formed with alternating multiband RF pulses similar to
Hadamard pulses (9). Here, a novel and more flexible
approach was used based on two separate RF pulses.
This, in general, provides an easy setup for arbitrary flip
angles (which are necessary for magnetization prepara-
tion of the image slice), or for a variable distance
between slices, and, overall the implementation of that

FIG. 3. a: G-factor maps of the image and navigator slices for the different slice positions. G-factor maps of SENSE �2 for the same
slice positions are shown for comparison. b: Plot of the calculated mean and minimum relative SNR for CAIPIRINHA and SENSE �2.
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sequence is considerably simpler. Overall, this only intro-
duces a small penalty in TR and a shift in one of the two
signals with respect to the center of the TR by an amount
corresponding to the time difference between the two RF
pulse peaks, which is in fact equal to the RF pulse

duration plus the gradient ramp times. This shift introdu-
ces a T2*-weighting in the bSSFP signal (23). However, in
our case, this weighting is considered negligible because
the timings involved are much smaller than the typical
T2* of the imaged tissues [850 ms versus more than 10 or

FIG. 4. In vivo exemplary images of four healthy volunteers demonstrating the feasibility of unfolding. Superimposed images, and recon-
structed image and navigator slices are presented in columns from left to right, respectively.
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20 ms (24)]. However, the frequency and phase encoding
of the signals are performed at the same time, thus lead-
ing to truly simultaneous encoding of the spatial position,

except for the minimal through-plane motion happening
between the two RF pulses, which is negligible for this
setup (sagittal acquisition of respiratory motion).

FIG. 5. Triplanar views of 3D stacks of the original 4D MRI (a–d) and CAIPIRINHA (e–h) acquisition. Time-resolved 3D stacks produced

from (i) a dataset acquired with the proposed CAIPIRINHA 4D-MRI method and (j) the original 4D MRI acquisition. Note the mismatching
artifacts (white arrows) in the original 4D MRI method, which are less severe for the CAIPIRINHA-based acquisitions. Note that vertical

dark bands, discernible in panels f and g, are caused by saturation of the navigator slice, which was kept in the steady state.
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As demonstrated in Fig. 3, the relative SNR in our
approach is higher than the one obtained via conven-
tional 4D MRI. Although the relative SNR is higher for
the CAIPIRINHA case, the dependence of the SNR on
the slice distance, between the image and navigator
slice, was not observed. This is probably due to the lack
of a significant coil sensitivity variance in the slice
direction. Here, a six-channel body coil was used, while
the slices were of a sagittal orientation, and this was
significantly different than the simulated relative SNR
on Fig. 8 in Breuer et al. (11), who used a 16-channel
head coil with significant sensitivity variations in the
slice direction.

Because the temporal footprint of the acquisition of
each image is increased with respect to conventional 4D
MRI, intraview motion might become noticeable in case
of very fast breathing motions. In our experimental
results we did not observe any noticeable motion arti-
facts or blurring of the CAIPIRINHA images. However, if
such blurring were to occur, it would not necessarily
affect the registration in a negative way. In most registra-
tion approaches, both reference and floating image are
blurred prior to matching, because this removes the high-
est frequencies, which often encode noise and affect the
registration result.

In the 4D model building stage, due to the interleaved
acquisition scheme of the original 4D MRI, an accurate
similarity measure between two data frames Di, Dj

acquired at time i and j can only be estimated, as the
exact breathing stage is not given. This is done by com-
paring the displacement field of both the preceding and
succeeding pairs of navigators Ni21, Nj21 and Ni11, Nj11.
Another problem is that the resulting two difference vec-
tors must be combined and mapped to a cost c(i,j),
which induces a dependency on breathing speed. With
CAIPIRINHA, on the other hand, the respiratory state of
Di is exactly represented by Ni, thus only a single pair of
deformation fields needs to be compared. This is not
only computationally more efficient, but also solves the
above problems and leads to better results, as can be
seen in Fig. 5.

The proposed method was specifically designed for
the acquisition of 4D MRI datasets of the abdominal
region. However, it is evident that the concepts pre-
sented here can be generalized for other applications
where the acquisition of an image together with a posi-
tional navigator is advisable (eg, for respiratory motion
compensation in cardiac imaging).

CONCLUSION

A novel imaging strategy for improved 4D MRI of organ
motion was proposed. The method enables the simulta-
neous acquisition of an image and a navigator slice with
high temporal resolution and improved SNR compared
with the reference 4D MRI approach, at the potential
cost of minor blurring of the images in case of very fast
respiratory movements. Phantom and volunteer studies
indicate that the presented method provides 3D stacks
with reduced mismatching compared with the reference
method, potentially leading to more accurate images as a
basis for learning motion models.
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