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Abstract Object: Multiple contrasts
are often helpful for a
comprehensive diagnosis. In 3D
abdominal MRI, breath-hold
techniques are preferred for single
contrast acquisitions to avoid
respiratory artifacts. In this paper,
highly accelerated parallel MRI is
used to acquire large 3D abdominal
volumes with two different contrasts
within a single breath-hold.
Material and methods: In vivo
studies have been performed on six
healthy volunteers, combining
T1- and T2-weighted, gradient- or
spin-echo based scans, as well as
water/fat resolved imaging in a single
breath-hold. These 3D scans were
acquired with an acceleration factor
of six, using a prototype 32-element
receive array.
Results: The presented approach was
tested successfully on all volunteers.

The whole liver area was covered by
a FOV of 350 × 250 × 200 mm3 for
all scans with reasonable spatial
resolution. Arbitrary scan protocols
generating different contrasts have
been shown to be combinable in this
single breath-hold approach. Good
spatial correspondence with
negligible spatial offset was achieved
for all different scan combinations
acquired in overall breath-hold times
between 15 and 25 s.
Conclusion: Enabled by highly
parallel imaging technology, this
study demonstrates the technical
feasibility and the promising image
quality of single breath-hold dual
contrast MRI.
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Introduction

In abdominal magnetic resonance imaging (MRI),
breath-hold techniques are frequently used to avoid image
artifacts. Thus, respiratory motion (e.g., of liver and kid-
neys) is frozen, and also peristaltic motion artifacts can be
reduced due to the short total scan duration. However, for
a comprehensive diagnosis, large volume coverage (3D)
and multiple contrasts, as obtained via T1-, T2-weighted
or fat-suppressed protocols, are often mandatory [1,2].
Even if parallel imaging [3–5] is used for scan acceleration,
on the currently available magnetic resonance (MR) hard-
ware, such multi-contrast examinations require several

breath-holds. This increases the risk of spatial misregis-
tration between the individual scans caused by the often
limited breath-hold reproducibility in patients [6].

However, MR scanners became recently available,
which support a very large number of receive channels
[7–9]. In combination with appropriate reception coil
arrays, such systems enable highly accelerated paral-
lel imaging, allowing for a considerable shortening of
the scanning time or an increase of spatial resolution.
This technology offers the opportunity to acquire large
abdominal 3D volumes at reasonable spatial resolution
within a breath-hold, and, even further, multiple 3D vol-
umes can be acquired during breath-holding. Thus, two
or more different image contrasts could be obtained by
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combining appropriate MR protocols (regardless if spin-
echo or gradient-echo based) within a single breath-hold,
which is the core idea of the present paper. Multi-contrast
data acquired in this way exhibit almost no spatial mis-
match. Thus, without the need of registration, their multi-
contrast information, available for each acquired voxel,
can either be provided to the user directly for a more
comprehensive diagnosis, or can support computer-aided
diagnosis (CAD). Recently, the interest in CAD increased
[10], mainly driven by the increasing amount of data to
be analyzed. Algorithms may pre-select potential areas
of interest, reformat typical oblique views or combine
data sets in an intelligent way [11,12] to support clinical
decision making. All these steps require automatic data
analysis, which can significantly benefit from voxel-based
multi-contrast information.

This paper demonstrates the practical feasibility of
multi-contrast single-breath-hold acquisitions in an in
vivo study on healthy volunteers, using highly acceler-
ated parallel imaging techniques like SENSE [4,13]. An
appropriate separation and cascading of the individual
scan acquisition blocks was performed for an efficient
use of the breath-hold period. Based on the promising
image quality for the almost simultaneously acquired
T1/T2 weighted or water/fat resolved data, results are
discussed, and potential benefits and applications are out-
lined.

Methods

Hardware setup and scan orientation

Experiments were performed on a 1.5-T clinical scanner
(ACHIEVA, Philips Medical Systems, Best, NL) further
expanded with 32 independent receive channels. Radio
frequency (RF) transmission was performed using the
B1 homogenous RF body coil, while an experimental
32-element coil was employed for signal reception.

This coil exhibits sufficient spatial coverage, making it appli-
cable for 3D abdominal imaging, too. The coil consists of two
independent parts, an anterior and a posterior one, each com-
posed of 16 hexagonal receive coil elements, which are arranged
in three rows in feet-head (FH) direction, as shown in Fig. 1. The
anterior coil is flexible and can be bent around the patient for an
optimal coverage. The posterior part has a pre-bent structure in
LR direction and is placed on the patient table.

Using this coil setup, different scan orientations and SENSE
reduction factors (R) have been tested. The objective for an opti-
mal setting was to acquire a given non-angulated volume (cf.
Fig. 1) with a field of view (FOV) of 350 mm in RL, 250 mm in AP
(anterior–posterior) and 200 mm in FH with a resolution of about
2×2×2 mm3 in a minimum time with an optimal signal-to-noise
ratio (SNR). Geometry factor considerations, based on the ap-
plied reduction factors for the corresponding phase encoding
directions, allowed one to compare the SNR-loss for the different
settings. In practice, the reduction factors are roughly limited by

the number of diversifying elements in the corresponding direc-
tion, which will be named coil factor in the following. The used
coil array had a coil factor of five in LR, two in AP and three
in FH direction. Aiming for the maximum reduction factor, one
would suggest to choose the readout direction in AP, and phase
encoding in FH and LR, taking advantage of the high coil diver-
sity in LR. However, in this case, not only the torso, but also
all body parts including the arms have to be encoded to prevent
folding artifacts requiring a large FOV (up to 500 mm) in this
direction. Furthermore, as confirmed by own simulations, not
shown here, an acceleration factor RLR of 5 leads to high g-fac-
tors for this particular coil, especially in the inner body region
which is already low in SNR. This corresponds to Wiesinger’s
findings, that high reduction factors can be problematic [14]. It
is important to note that there are different settings of phase
encoding directions and corresponding reduction factors feasible
for the same total measuring time. Among them, the one was
chosen for the present study in which the phase encoding direc-
tions were aligned to smallest FOV dimensions. This allowed the
application of the lowest SENSE reduction factors to minimize
the noise amplification described by the g-factor [4,13].

In consequence, phase encoding was applied in AP and FH,
and readout was performed in LR to take advantage of the sig-
nal suppressing ability of the anti-aliasing filters present in the
readout channel. Slice selection was applied in the FH direction,
employing a slight oversampling to compensate for the finite
quality of the slice profile. The reduction factors were chosen
according to the coil factors with RAP =2 and RFH =3, resulting
in an overall acceleration factor of 6. This reflects a good compro-
mise between noise propagation on the one hand and scanning
time on the other hand for this coil array.

Coil sensitivity reference data were obtained in a low-reso-
lution 3D volume scan (voxel size 11 × 15 × 15 mm3). This res-
olution was found to be sufficient to cover the main sensitivity
features of the employed 32-element coil. During free breathing,
coil array data and body coil data were acquired in an interleaved
way within 30 s total scan time. Data processing [4] subsequently
performed yielded the coil sensitivity maps.

Preparation phase and actual scan separation

The use of the 32-element coil in combination with SENSE accel-
eration allows a significant scan time reduction. Depending on the
actual scan protocol, data acquisition takes about 5–15 s. How-
ever, this is only correct for the net scan time, excluding the scan
preparation phase. On the MR system used in this study, such a
preparation phase is used to optimize certain general scan param-
eters like the Larmor frequency, shim settings or transmit gain.
However, there are other parameters like receiver gain, trims
for turbo spin echo (TSE) scans or echo-planar imaging (EPI)
phase corrections that have to be specifically tailored to the indi-
vidual scan and consequently differ from protocol to protocol.
The preparation phase is usually performed directly before each
scan, and hence does not affect a standard scanning procedure
(see Fig. 2a). However, if two different scans should be combined
within one breath-hold, the second scan preparation phase has to
be executed directly before the real data acquisition of the second
scan. This spoils the scan efficiency during the breath-hold, which
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Fig. 1 Coil array setup and FOV definition. The posterior array consists of 16 hexagonal elements, which are grouped in three rows in
FH-direction as shown on the left. The flexible anterior array exhibits a nearly similar arrangement. The FOV definition used in this
study is shown on the right. The 3D-volume was acquired with a SENSE factor of three in FH and two in AP direction, according to the
corresponding coil factors. Read-out and slab selection were performed in LR and FH, respectively

Fig. 2 Preparation phase separation. Standard breath-hold tech-
niques perform the scan preparation phase separately but just be-
fore the scan (a). The acquisition of multiple scans with different
contrasts within a breath-hold results in timing conflicts due to the
preceding preparation for scan two (b). This can be avoided, if the
preparation phases and the actual data acquisition are separated and
appropriately grouped as shown in c

is illustrated in Fig. 2b. However, by separating the preparation
phases of each scan and appropriate grouping, they can be per-
formed beforehand, either during free breathing or in a preceding
breath-hold (Fig. 2c). Defining and grouping the protocols this
way allowed the actual data sampling for the two scans with a
delay of only about one second.

Selected contrast protocols for scan combination

Combinations of different contrast protocols have been per-
formed on six healthy volunteers (all male, 28–37 years) with
informed consent obtained. Mostly T1- and T2-weighted scans
have been combined, optimized for a 3D acquisition to cover
the entire liver. Two different T1-weighted sequences have been
used in this study, a magnetization-prepared (using a fat sup-

pression RF pre-pulse), segmented T1-weighted gradient echo
sequence (called THRIVE in the following) and a conventional
T1-weighted fast gradient echo sequence (FFE), acquired with
Half Fourier encoding [15].

These were combined with either a T2/T1-weighted balanced
steady state free precession sequence (BFFE), or with a mainly
T2-weighted TSE sequence. The TSE sequence was acquired us-
ing Half Fourier and a driven equilibrium Fourier transform
approach [16] that flips back the transverse magnetization to Mz
at the end of the echo train to allow for shortening the repetition
time.

Table 1 summarizes the different scan combinations used in
this study, including their most relevant parameters. All scans
have been acquired during breath holding in the end-expiratory
phase, considering an overall breath-hold of about 20 s as accept-
able.

A color-coding overlay has been used as a simple post-pro-
cessing to visualize the spatial correspondence of the two individ-
ual data sets acquired in the same breath-hold. Thus, an orange
color map was applied to the T1-weighted scans, while a blue
map was used for the T2 (or T2/T1) - weighted ones.

Water and fat acquisition schemes

To follow the concept to acquire multiple contrasts in a single
breath-hold, water/fat imaging can be considered too. Two differ-
ent approaches have been used in this work. First a magnetiza-
tion-prepared segmented gradient echo approach (w/f-TFE) that
either suppresses the water or the fat signal was used. Both scans,
the water and the fat selective one, can be performed subsequently
in a single breath-hold. The actual sequence is rather similar to
the THRIVE sequence described above. The corresponding scan
parameters chosen for this single breath-hold water/fat approach
are given in the protocol D in Table 1.

Another approach for water/fat resolved imaging is a chem-
ical shift encoding technique that uses multiple gradient ech-
oes sampled at different echo times. In the present work, three
gradient echoes were acquired at different echo times to allow
the fitting of water and fat signals and the local off-resonance
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Table 1 Scan combination protocols A–E

Scan parameters for selected contrast combinations
Comb Res (mm3) Seq TR/TE/FA Tscan(s)

A 2.23 T1 FFE 4.0 ms/1.9 ms/10◦ 5.4 s
T2 TSE 307 ms/70 ms/90◦ 14.7 s

B 1.4×1.4×3 T1 FFE 4.3 ms/2.1 ms/10◦ 6.4 s
T2 BFFE 3.3 ms/1.6 ms/50◦ 8.2 s

C 2.23 T1 THRIVE 4.3 ms/2.0 ms/10◦ 13.1 s
T2 BFFE 3.0 ms/1.5 ms/50◦ 5.4 s

D 2.0×2.0×3 w w-TFE 4.4 ms/2.1 ms/10◦ 11.8 s
f f-TFE 4.4 ms/2.1 ms/10◦ 11.8 s

E 2.0×2.0×3 w + f ME-FFE 9.5 ms/2.0 + 4.4 + 6.8 ms/15◦ 20.4 s

Each protocol comprises two different scans (exception E) with different contrasts (T1, T2, water, fat) performed in a single breath-
hold to cover a 3D volume as shown in Figure 2. Basic parameters are summarized (voxel size, repetition time, echo time, flip angle
and scan duration)

additionally [17]. Three echoes can be acquired in three sepa-
rate scans, grouped together into a breath-hold, which, however,
is not very efficient. Thus, a multi-echo readout was cho-
sen to acquire three echoes after one excitation in a FFE se-
quence similar to an approach recently suggested [18]. To avoid
eddy-current related artifacts, a fly back echo-planar [19] like
acquisition was performed to sample the echoes at the same read-
out gradient polarity. This is basically a single scan performed in
a single breath-hold, but the sequence delivers three 3D data sets
at different TEs. The corresponding scan parameters are given
under the protocol E in Table 1.

Results

Different combinations of the previously described indi-
vidual sequences (protocol A–E) have successfully been

tested in vivo. Figure 3 shows selected slices of the two
different 3D data sets, acquired according to protocol A
in a total breath-hold of 21 s. Reformatting for different
scan orientations is shown for these isotropic data.

Figure 4 shows results measured with protocol B in
another volunteer, acquired in a total breath-hold time of
about 16 s. The lower intrinsic SNR of the T1-weighted se-
quence is visible, especially in the central region (Fig. 4a),
where a maximum noise amplification of the SENSE algo-
rithm occurs. The color-coded overlay of the two scans,
given in Fig. 4c, demonstrates the good spatial correspon-
dence.

Results of the protocol C, obtained in a total breath-
hold of less than 20 s, are shown in Fig. 5. Selected slices of
the two different isotropic 3D data sets are shown. Addi-
tionally, the color-overlay of the two scans, reformatted
to all basic scan orientations, is shown to underline the
good spatial consistency (Fig. 5c).

Fig. 3 Combined dual contrast 3D-FFE/TSE (protocol A). A T1-FFE was acquired together with a TSE sequence in a single breath-hold.
Selected reformatted slices acquired with the T1-weighted sequence are shown in a, while the corresponding T2-weighted TSE slices are
given in b



301

Fig. 4 Combined dual contrast 3D-FFE/BFFE (protocol B). The abdominal volume was acquired with a T1-FFE (a) and a T2/T1-weighted
BFFE sequence (b) using a non-isotropic resolution. The color-overlay of the two scans, acquired within the same breath-hold, is given in c

Fig. 5 Combined dual contrast 3D-BFFE/THRIVE (protocol C). A balanced FFE sequence (a) was combined with a fat-suppressed
THRIVE sequence (b) in a single breath-hold. Color-overlays of the two scans are shown in c and two reformatted slices are shown
additionally (transversal, coronal, sagittal)

Results from the two different water/fat separa-
tion schemes, investigated in this study, are compared.
Figure 6a,b shows a slice of the 3D fat- and water-sup-
pressed data, acquired in a single breath-hold of 25 s.
These data are compared to results of a three-echo chem-
ical shift encoded scan of the same slice in the same volun-
teer (Fig. 6c, d). This scan was slightly more time-efficient
and allowed a total scan time of 20 s. The arrow in Fig. 6a
indicates a region with local field inhomogeneity showing
a limitation of the magnetization preparation in case of
strong susceptibility gradients. The chemical shift encod-
ing approach performed more robust in this respect and
showed furthermore a better SNR (Fig. 6c).

Discussion

The basic feasibility to acquire two 3D data sets with
different contrasts within a single breath-hold has been
shown successfully. Thus, different contrast combina-
tions of T1- and T2-weighted, or water/fat resolved 3D
data sets can be acquired in a single breath-hold with
reasonable spatial resolution and coverage.

The protocols used in this study are standard proto-
cols available on every modern MRI scanner. No specific
sequence tuning was necessary and arbitrary scan com-
binations are possible. However, all scans were acquired
in the 3D-mode to benefit from the SNR gain due to
the averaging effect and the full parallel imaging per-
formance in slice direction [13]. While the basic feasi-
bility was demonstrated, further efforts are necessary to
improve the image quality for routine clinical use. This
is especially true for the TSE example given in Fig. 3,
which shows a limited SNR due to the time constraints
for T1 relaxation. However, TSE could potentially be
replaced by balanced BFFE in abdominal imaging as re-
cently discussed in Ref. [20]. The order of the protocol
combinations does not underlie any serious restrictions.
However, a minimum time delay between the scans is
desirable for T1 relaxation. Thus, low flip angle gradient
echo sequences were preformed first, where the magne-
tization returns faster to the equilibrium after the scan,
compared to TSE or BFFE sequences with their intrin-
sic high flip angles. In this study, a scan delay of about
one second was used, which seems to be a reasonable
compromise.
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Fig. 6 Comparison of two different simultaneous 3D water/fat acquisition approaches. Images obtained by the combined dual contrast
water- or fat- suppression (protocol D) and three-point chemical shift encoding ones (protocol E) are shown in a, b and c, d, respectively.
Fat-suppression was applied in a, which also suppressed water signal near the tissue-air interfaces due to insufficient shim (arrow). Fat-only
data have been generated by water-suppression (b). Both 3D data sets were acquired in a single breath-hold. The lower two images were
reconstructed from a 3D three-echo acquisition, employing an iterative reconstruction to separate water (c) and lipid signal (d)

Water/fat resolved imaging is important for a number
of applications, for instance for the diagnosis of obes-
ity [21]. As demonstrated in Fig. 6a, b, magnetization
prepared approaches can be used for single breath-hold
water and fat imaging. However, this approach can show
artifacts in the presence of spatial off-resonance, as it
is demonstrated in Fig. 6a. This can be overcome using
three-echo chemical shift encoding, which is able to cope
with the off-resonance problem [17]. Its better perfor-
mance compared to the magnetization prepared approach
is visible in Fig. 6. Furthermore, due to the intrinsic sig-
nal averaging effect of the three-echo approach [22], the
SNR in the water/fat data is much better than for the
chemical shift selective approach. Also with respect to
scan efficiency, the specific multi-echo approach chosen
in this work has shown a better performance resulting in
a shorter total breath-hold for the same spatial resolution
and volume coverage.

In this study, isotropic and non-isotropic scan reso-
lutions have been presented. In case of subsequent data
reformatting to different orientations and angulations,
isotropic scan resolution seems to be preferable; other-
wise, a non-isotropic resolution may represent a more
efficient alternative.

Significantly higher spatial resolution, albeit desirable,
may be difficult to realize. A higher scan acceleration with
moderate g-factors using specifically optimized receive
arrays might be feasible. However, a high SNR gain due
to significantly lower g-factors should not be expected,
as the mean g-factor for the actual coil array already
remained below 1.1 (with maximum values around 1.5).
Furthermore, the intrinsic available SNR is proportional

to the voxel size and the square root of the scan time.
Because of the single breath-hold approach, small voxel
sizes cannot be compensated by long scan times. Hence,
this clearly indicates limitations of the scan resolution due
to SNR restrictions.

Furthermore, possible organ drifts during the breath-
hold itself limit the scan resolution in practice [23].
A retrospective registration and motion correction can
help to correct for such drifts between two data sets
acquired within a single breath-hold. However, in cases
where contrast differs a lot, registration can become
rather difficult and time consuming [24], and non-deter-
ministic motion like peristaltic motion can even com-
plicate this task. In the presented approach, the latter
problem is reduced due to the very short time delay be-
tween the scans. Nevertheless, if higher spatial resolution
is required, free-breathing techniques using navigators
[25] or self-navigation approaches [26,27] seem to hold
higher potential.

The coil used in this study was not designed for
abdominal imaging. Its FH-coverage is rather limited. A
different coil arrangement, e.g., consisting of four element
rows in FH, would allow a higher spatial coverage and
a higher SENSE factor in this direction. This means that
the higher coverage, if allowed by the coil geometry, can
be achieved keeping scan time and resolution constant.
The SENSE factor in AP, however, seems to be limited to
a factor of two. Nevertheless, further investigations are
needed to give a final answer.

The multi-contrast 3D data sets can be analyzed
directly on a voxel-by-voxel basis without any post-pro-
cessing steps, as shown for example in the color-overlays
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of Fig. 4 and Fig. 5. However, the added value of the
color-overlay is limited. The intelligent use of this voxel-
based multi-contrast information is still an open question,
which might be answered in further research dedicated to
computer-aided diagnosis (CAD).

Conclusion

The acquisition of a large 3D volume with separate
scans of different contrasts, but within one breath-hold,
is demonstrated in this work. The new capabilities of

parallel imaging allowed a diagnostically relevant spatial
resolution and volume coverage. Data sets without spa-
tial misregistration were obtained, which can be further
processed without any registration to support computer-
aided diagnosis. Especially for diagnoses that use breath-
hold techniques and that are based on multiple contrasts,
the presented approach may enable a more comfortable
and accurate diagnosis and may help to improve clinical
workflow.
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