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Optimized Radiofrequency Coil Setup for MR
Examination of Living Isolated Rat Hearts in a
Horizontal 9.4T Magnet
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Purpose: (i) To optimize an MR-compatible organ perfusion
setup for the nondestructive investigation of isolated rat hearts

by placing the radiofrequency (RF) coil inside the perfusion
chamber; (ii) to characterize the benefit of this system for diffu-
sion tensor imaging and proton (1H-) MR spectroscopy.

Methods: Coil quality assessment was conducted both on the
bench, and in the magnet. The benefit of the new RF-coil was
quantified by measuring signal-to-noise ratio (SNR), accuracy,

and precision of diffusion tensor imaging/error in metabolite
amplitude estimation, and compared to an RF-coil placed

externally to the perfusion chamber.
Results: The new design provided a 59% gain in signal-to-noise
ratio on a fixed rat heart compared to using an external resona-

tor, which found reflection in an improvement of living heart data
quality, compared to previous external resonator studies. This

resulted in 14–29% improvement in accuracy and precision of
diffusion tensor imaging. The Cramer–Rao lower bounds for
metabolite amplitude estimations were up to 5-fold smaller.

Conclusion: Optimization of MR-compatible perfusion equip-
ment advances the study of rat hearts with improved signal-to-

noise ratio performance, and thus improved accuracy/preci-
sion. Magn Reson Med 73:2398–2405, 2015. VC 2014 The
Authors. Magnetic Resonance in Medicine Published by

Wiley Periodicals, Inc. on behalf of International Society of
Medicine in Resonance. This is an open access article
under the terms of the Creative Commons Attribution
License, which permits use, distribution, and reproduction
in any medium, provided the original work is properly cited.
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INTRODUCTION

Langendorff-perfused hearts are a well-established and
important model in fundamental cardiac research, as this
technique provides well-controlled conditions for manip-
ulation and observation of the living heart (1). For MR
imaging and spectroscopy (MRS), the Langendorff-
perfused heart represents an important intermediate
model system between in vivo beating hearts and ex vivo
fixed organ preparations, as it provides good control over
cardiac motion (hearts can be arrested, paced, or allowed
to beat freely), eliminates respiratory motion, and avoids
the need for localized MRS experiments (2). This model
system has been used extensively to study cardiac
metabolism with 1H- (3,4) and 31P-MRS (5,6), but also
23Na- (7), 13C- (8), and 39K/87Rb-MRS (9,10). Moreover, it
has been widely used for the development and valida-
tion of new cardiac MRI techniques such as first-pass
cardiac perfusion (11), flow measurements (12), myocar-
dial arterial spin labeling (13), or diffusion tensor imag-
ing (DTI) (14–18), where the bulk motion of the heart
represents a major challenge. In vivo cardiac DTI, for
instance, requires (i) careful synchronization with the
cardiac mechanical activity and (ii) appropriate acquisi-
tion strategies to handle respiratory motion. For the lat-
ter, either free-breathing approaches, with respiratory
gating (19), or breath hold, that is facilitated by accelera-
tion techniques (20), have been utilized. The use of
strong gradient systems (21) and motion-compensated
approaches (22) further reduces DTI sensitivity to
motion. Consequently, its application in small animals
has only been demonstrated very recently (23), and clini-
cally relevant applications are emerging (24–26).

Isolated heart experiments are typically conducted on
MR systems with vertical bore magnets, as perfusing
hearts in a horizontal magnet give rise to additional tech-
nical challenges in terms of solution handling. Recently,
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Hales et al. developed a custom-made perfusion rig for
use in a horizontal magnet to noninvasively assess myo-
cardial fiber architecture in two different mechanical
states (slack and contracture) in one and the same living
heart (18). In particular, they demonstrated that not only
the modification of the fiber helical structure, but also
an accordion-like rearrangement of transmural sheet pop-
ulation alignment contribute to ventricular wall deforma-
tion during cardiac contraction. In their design, the MR
setup was completely decoupled from the perfusion rig,
using a radiofrequency (RF) coil outside the sealed
chamber containing the heart. This resulted in limited
MR sensitivity, thus requiring multiple averages and
long scan times to achieve adequate spatial resolution
and signal-to-noise ratio (SNR).

Refinement of RF-coil technology is an obvious way to
improve SNR of MR experiments, for example, to enhance
the performance of DTI measurements (27). Here, we
report a novel design that uniquely integrates the RF-coil
into the organ perfusion chamber (i.e., a corrosive envi-
ronment), to increase the filling factor, and, therefore,
SNR. A comprehensive set of experiments was conducted

to quantify the benefit of this new RF-coil design by
assessing SNR, accuracy and precision of DTI experiments
and SNR/accuracy of amplitude estimates in 1H-MRS.

METHODS

Hardware

MR System

All experiments were performed using a 9.4T (400 MHz)
MR system (Agilent Technologies, Santa Clara, CA), com-
prising a horizontal magnet (bore size 210 mm), a VNMRS
Direct Drive console, and a shielded gradient system
(1 T m�1, rise time 130 ms, inner diameter 60 mm).

RF-Coil Design

A quadrature driven birdcage resonator (28) was
designed and used for transmission (Tx) and reception
(Rx) of the NMR signal (Fig. 1—top). To increase the
filling factor of the previous setup, and thus improve
the SNR, the resonator (diameter: 22 mm, length:
25 mm) was integrated inside the perfusion chamber

FIG. 1. Optimized setup for MR examination of living, Langendorff-perfused rat hearts. Top: Schematics of the dimensions (in mm) of
the internal birdcage resonator. Bottom: Integration of the transmit/receive resonator in the perfusion chamber.
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(Fig. 1—bottom). The wall thickness of the housing
between the internal birdcage resonator and isolated
organ was 1 mm, resulting in an inner diameter of
20 mm for the resonator housing, suitable for the size of
isolated rat hearts (typical diameter 14–16 mm, length
18–22 mm). Flexible circuit material (8 mm copper-
coated flexible FR4 substrate) was used as RF-shielding.
The birdcage resonator was built as a 12-leg high-pass
birdcage and fixed tuned-and-matched to 50 V at the
working frequency of 400 MHz. Cable traps to ensure an
electrically symmetric coupling scheme were included
within the primary housing of the birdcage resonator.
A quadrature hybrid was used for connecting the two
resonator channels to the Tx and Rx lines of the MR
system. A feature of this design is that the birdcage res-
onator is placed in the perfusion solution. To protect
electronics from ionic fluids and erosion, the housing
of the resonator was sealed. The housing itself was
made from glass fiber reinforced epoxy and the end-
plates of PMMA and PVC. As moving parts like
trimmers are extremely difficult to seal, especially
when taking into account restrictions given by the MRI
environment and the required reliability and robust-
ness, both channels of the birdcage resonator were fixed
tuned-and-matched. This approach was deemed appro-
priate due to the well-defined load of the isolated rat
heart within the perfusion solution.

Experimental Design for Coil Characterization

Quality assessment of the new birdcage resonator
included comprehensive coil characterization on the
bench and in the magnet. The performance achieved by
this coil design (in the following refered to as “internal
resonator”) was compared with the tune- and match-able
external birdcage resonator (external resonator) used pre-
viously (18), i.e., a quadrature driven birdcage Tx/Rx res-
onator (Rapid Biomedical, Rimpar, Germany) with a
mean resonator diameter of 41 mm (housing inner diam-
eter 39 mm) and a length of 39 mm. This coil was tuned

and matched for each loading condition. Bench charac-

terization and imaging validation were conducted on a

homogeneous phantom (referred to as “saline phantom”),

which was filled with 3-mL saline (170 mM NaCl) to

mimic the loading by the perfused rat heart during the

subsequent experiments. For MRS validation, another 3-

mL phantom (metabolite phantom) was used containing

170 mM NaCl, 10 mM Na-lactate, 10 mM taurine, and

10 mM creatine. Finally, a fixed rat heart (29) was used

for comparative MR measurements, to guarantee a stable

and comparable biological sample for one-to-one coil

comparison.

Bench Measurements

Loaded and unloaded quality factors (Q) were deter-

mined on a network analyzer (Agilent E5061A, Agilent

Technologies, Santa Clara, CA). The reflection coefficient

(S11) and the channel isolation (S12) were also assessed.

To simulate loading conditions, the saline phantom was

placed in each resonator. Q were measured with no cou-

pling network hooked up to the resonator as retuning

and rematching was not possible for different loading

conditions. This is ameliorated by the fact that the cou-

pling network had no influence on the Q value. Tune-

and-match settings of the external birdcage resonator

were adjusted between measurements.

RF Excitation (B1) Field

To quantitatively compare the performance of the inter-
nal and external resonator in the MR system, the B1

efficiency was derived from a volume-selective measure-
ment of the 360� flip angle duration at a given Tx power
on the saline phantom, and on the fixed rat heart. Details
of the MRI sequence are listed in Table 1. Images were
phased and the signals from all voxels were averaged
and fitted sinusoidally to determine the length of the
360� pulse. Based on the 360� flip angle duration, addi-
tional qualitative maps of B1 homogeneity were acquired
on the saline phantom.

Table 1
Acquisition Parameters

Experiments Pulse sequence Acquisition parameters

B1 efficiency Nonselective excitation pulse followed by 3 � 180�

slice selective pulses
TE/TR¼27/1000 ms; FOV¼22 � 22 mm (128 � 128);

volume selected¼ (4 mm)3

B1 map Slice selective two-dimensional spin echo, 10p nonlo-
calized preparation pulse followed by gradient spoiler
(pulse length for 2p pulse as determined above)

TE/TR¼11/1000 ms; FOV¼22 � 22 mm (256 � 256);
slice thickness¼1 mm

SNR map Slice selective two-dimensional gradient echo TE/TR¼3/100 ms; flip angle¼20�; FOV¼20 � 20 mm
(128 � 128); slice thickness¼1 mm

DTI Two-dimensional multislice fast spin echo with diffusion
sensitizing unipolar gradients

TEeff/TR¼15/1000 ms; 8 echoes; FOV¼20 � 20 mm
(128 � 128); slice thickness¼1 mm; 13 slices; 12
averages G¼31 G cm�1; d¼2.5 ms; D¼9.6 ms;

bmax¼508 s mm�2

1H MRS Point resolved spectroscopy (PRESS) TE/TR¼135/15000 ms; bandwidth¼4 kHz; no water
suppression: 8, 32, 64 averages; water suppressed:

256 averages; volume selected¼ (4 mm)3

Perfused

heart MRI

Two-dimensional multislice spin echo TE/TR¼5/2500 ms; FOV¼20 � 20 mm (128 � 128);

slice thickness¼1 mm; 2 averages

TE: echo time; TEeff: effective TE; TR: repetition time; FOV: field of view; G: diffusion gradient strength; d: gradient duration; D: gradient

separation; bmax: maximum b value (including imaging gradients and cross-terms between imaging and diffusion gradients).
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SNR Measurements

SNR maps were obtained on both the saline phantom
and the fixed rat heart using a gradient-echo pulse
sequence. Experimental parameters are listed in Table 1.
Images were acquired in 13 contiguous axial slices, fol-
lowed by acquisition of a noise dataset.

Water and metabolite spectra from a (4 mm)3 voxel,
located at the center of the metabolite phantom were
obtained using a PRESS sequence (Table 1). Shimming
and RF calibration were performed over a (5 mm)3 voxel,
centered at the same location. SNR was assessed in all
spectra by quantifying the peak area [using a purpose-
written time-domain-frequency-domain approach (30)]
and dividing it by the standard deviation of the noise
(obtained from the last 500 points of the time domain
signal). Our software also calculated the Cramer–Rao
lower bounds for all fitted parameters. The SNR of the
water signals was additionally assessed in the frequency
domain using the MR-system software (VnmrJ4, Agilent
Technologies, Santa Clara, CA).

Accuracy and Precision of DTI Measurements

To quantify the performance of the new RF-coil design
for cardiac DTI measurements, accuracy and precision
were evaluated on the fixed rat heart using a bootstrap
approach. For this purpose, two-dimensional DTI meas-
urements were repeated five times with each coil, apply-
ing the parameters listed in Table 1. For each coil,
repetitions were averaged to obtain a reference dataset.
Diffusion tensors were calculated on a voxel-by-voxel
basis via a weighted linear least-squares fitting method,
using in-house software developed in IDL (Exelis,
McLean, VA). Tensors were then diagonalized to obtain
the sorted eigenvectors (v1;0, v2;0, v3;0) and eigenvalues
(l1;0, l2;0, l3;0). From these, reference fractional anisot-
ropy (FA0) and apparent diffusion coefficients (ADC0)
were calculated using standard methods described else-
where (31).

A bootstrap method was then applied to generate 100
DTI datasets (32). The eigenvectors and diffusion param-
eters (FAi and ADCi) were computed for each of the
resampled datasets. The accuracy of the measurements
of FA, ADC, and the primary eigenvector (PEV) v1 was
assessed by comparison with the reference dataset on a
voxel-by-voxel basis, whereas precision was estimated by
the variability within the resampled datasets. For each
voxel n, the accuracy of FA and ADC was assessed using
the mean absolute error normalized to the reference
values:

AFA ¼
1

100

X100

i¼1

jFAiðnÞ � FA0ðnÞj
FA0ðnÞ

[1]

AADC ¼
1

100

X100

i¼1

jADCiðnÞ �ADC0ðnÞj
ADC0ðnÞ

[2]

Deviations in v1 were determined by measuring the
angle h between the PEV of a given dataset v1;iðnÞ and
the PEV in the same voxel of the reference dataset
v1;0ðnÞ:

uiðnÞ ¼ arccos ðv1;iðnÞ:v1;0ðnÞÞ [3]

To quantify the precision of FA and ADC, the coeffi-
cient of variation was calculated. The 95% cone of
uncertainty (COU) was measured to assess precision of
the PEV orientation (33).

Imaging of a Living Perfused Rat Heart

One heart was excised from a female Sprague-Dawley rat
as described in (18). It was connected to the modified
perfusion setup and images were acquired along its short
axis using a spin echo sequence (Table 1). They were
compared to images from the previous studies acquired
in similar conditions (18). SNR was evaluated in both
dataset by measuring the signal on a voxel-by-voxel basis
as the median value over a 3 � 3 kernel. The noise level
was assessed in each slice by computing the standard
deviation in a region of interest manually drawn in the
background. All animal work was conducted in accord-
ance with the UK Home Office Guidance on the Opera-
tion of Animals (Scientific Procedures) Act of 1986, and
was approved by Oxford University’s ethical review
board.

RESULTS

Setup Validation

Bench Measurements

The ratio of the typical volume of interest, based on an
isolated heart of an adult rat, and the resonator volume
was 25% for the internal and 4.7% for the external bird-
cage. On the saline phantom, Q factors dropped from
unloaded to loaded from 130 to 105 (determined without
the final coupling network), resulting in a ratio of 1.24
for the internal resonator (compare external: 250–220,
ratio 1.14). S11 for the internal birdcage was �23 and
�16 dB with loading, showing a channel isolation of 25
dB. The tune S11 of the external coil was better than
�40 dB and the two channels were isolated by 40 dB.

MR Measurements

The 360� flip angle duration, measured on the saline
phantom, was 617.6 6 2.4 ms for the internal resonator
and 980 6 13 ms for the external resonator. This corre-
sponds to a B1 efficiency of 32.0 mT W�1

2 for the internal
resonator, compared to 20.2 mT W�1

2 for the external. On
the fixed heart, the 360� flip angle duration was
553.0 6 4.0 ms (internal resonator) and 916 6 14 ms (exter-
nal resonator), corresponding to a B1 efficiency of 35.8
and 21.6 mT W�1

2, respectively. B1 maps obtained on the
saline phantom are shown in the top row of Figure 2.

The mean SNR obtained on the saline phantom with
the internal resonator was 64 6 1, and 42 6 1 for the
external resonator, representing a gain of 52% (Fig. 2b).
The mean SNR obtained on the fixed heart with the
internal resonator was 54 6 4, whereas it was 34 6 2 for
the external resonator (gain: 59%). Example SNR maps
obtained on the fixed rat heart are shown in Figure 2c,c0.

Images obtained with either setup in the midventricu-
lar short axis slice of live, Langendorff-perfused rat

Optimized RF Coil for Perfused Rat Heart MR Investigations 2401



hearts are shown in Figure 2d,d0, yielding an SNR of 224
(internal resonator) and 132 (external resonator) (gain:
70%).

The metabolite spectra, shown in Figure 3, illustrate
qualitatively the improved sensitivity provided by the
internal resonator. Both spectra were 2-fold zero-filled
and exponentially filtered (line-broadening: 3 Hz) prior
to Fourier transform, and scaled to yield the same noise
levels. Quantitative SNR measurements demonstrated an
improvement of 1.41 6 0.42 (fit) and 1.46 6 0.07
(VnmrJ4), compared to the external resonator. The accu-
racy of the amplitude estimation in the fitting, as
expressed by the Cramer–Rao lower bounds, was 3–5
times better for the internal resonator.

Maps obtained from the bootstrap analysis of the accu-
racy and precision of DTI measurements are shown in
Figure 4 for both resonators. The internal resonator con-
sistently provided better results: the accuracy of the
measurements was improved as shown by reductions in
the errors in ADC, from 3.4 to 2.4% (reduction: 29%), in
FA, from 22 to 18% (reduction: 18%), and in PEV, from
46� to 37� (reduction: 20%). Similarly the uncertainty of

ADC was decreased (and thus the precision improved)
from 4.0 to 2.9% (reduction: 28%), the FA from 21 to
18% (reduction: 14%), and the cone of uncertainty from
40� to 32� (reduction: 20%).

DISCUSSION

The aim of the study was to develop and test a novel
RF-coil design, optimized for the investigation of live,
isolated Langendorff-perfused hearts in a horizontal mag-
net, and to provide a comprehensive characterization of
its utility. It is well-known that RF-coils, optimized for
given sample sizes and properties, provide superior SNR
performance. Thus, integrating the RF-coil inside the
perfusion chamber around the heart is a conceptually
obvious approach to meet this aim.

The choice of the birdcage design was primarily based
on the ability to operate it in quadrature mode: it is the
ideal volume coil for generating uniform circular polar-
ization resulting in an up to � 40% increase in SNR
compared to linear polarization from the same coil. At
least, 12 legs are required for adequate B1 homogeneity

FIG. 2. Coil characterization: Top row: B1 maps obtained on the homogeneous phantom, in axial (Ax) and sagittal (Sag) orientations
using (a) the internal and (a0) the external resonator. 10% change in B1 is observed between two white bands. Middle row: SNR meas-

urements. b: Profiles of SNR across the homogeneous saline phantom; and example of SNR maps obtained on the fixed heart using (c)
the internal and (c0) the external resonator. Bottom row: Example images obtained on live perfused rat hearts using (d) the internal and

(d0) the external resonator.
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in a closely shielded small birdcage when a relatively
large region of uniformity is needed (34). More legs
would require a more complex design with potentially a
loss in efficiency. Conversely, a solenoid design cannot
be operated in quadrature mode, would require a perpen-
dicular design, and thus potentially lead to additional
space constraints and hampered workflow. Alternatively,
an Rx surface array could be placed inside the perfusion
chamber, whereas a Tx volume coil remains outside the
sample tube. This would result in an improved filling
factor, and may provide additional scan time reduction
from the application of parallel imaging. However, small
array elements are prone to coil-noise domination, which
adversely affects coil array and SNR performance, partic-
ularly in center of the array (35).

The new setup yields excellent reproducibility of S11
for different loading conditions, at levels that are fully
acceptable with respect to reflection of Tx power (less
than 3%) and SNR performance. Good channel isolation
ensures that the full gain from the quadrature polarization

is obtained during both Tx and Rx. These findings justify
the fixed tune-and-match approach of the setup. In addi-
tion, the pronounced increase in filling factor results in
improved Tx efficiencies and Rx sensitivities. As the
saline phantom setup is coil noise dominated (sample
resistance less than 25% of coil resistance), one would
expect to find Tx efficiency or Rx sensitivity improved by
a factor of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð25=4:7Þ

p
� 2:2 (gain: 120%), if only consider-

ing the increase of the filling factor. In reality, the SNR
gain is about 50–70% for all samples. The lower increase
could be a result of the generally lower available unloaded
Q of the RF-coils with small geometric dimensions. This
is also supported by the measured low change in the Q
ratio from 1.14 (external) to 1.24 (internal). However, this
small change in Q drop would predict a change in Tx effi-
ciency and Rx sensitivity by 27% only, although this a
very rough approximation (SNR �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1�Qloaded=QunloadedÞ

p
)

and neglects various sample loss mechanisms. The effec-
tively observed gain in Tx efficiency and Rx sensitivity
(50–70%) lies well between these two approximations.

FIG. 3. Metabolite spectra obtained from a (4 mm)3 volume inside the metabolite phantom with (a) the internal and (b) the external reso-
nator to illustrate qualitatively the improved sensitivity provided by the new setup. Both spectra were 2-fold zero-filled and exponentially

filtered (line-broadening: 3 Hz) prior to Fourier transform, and scaled to yield the same noise levels. The resonance assignment is: (1)
lactate; (2) creatine (CH3); (3,4) taurine; (5) creatine (CH2); (6) residual water.

FIG. 4. Improvement in accuracy and precision of DTI measurements (ADC and FA) and locally prevailing cell orientation (fiber orienta-

tion) from the orientation of the PEV as assessed by a bootstrap approach on a fixed rat heart.
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Phantoms and fixed hearts were used to allow direct side-
by-side comparison of the internal and the external reso-
nator. Importantly, an SNR-increase was also observed on
the living, Langendorff-perfused rat hearts by retrospec-
tively comparing observations from a previous study (18)
to experiments with the new internal resonator. This
slightly higher gain (compared to the fixed hearts) is due
to the perfusate that reduces the Tx and Rx performance
more on the large external resonator than on the smaller
internal resonator, i.e., the external resonator
“experiences” more losses and increased sample noise
from the perfusate than the internal one.

The gain in SNR benefitted DTI and MRS parameters.
We found 3–5-fold lower Cramer–Rao bounds for the
amplitude estimates (MRS) with the internal resonator.
More specifically, creatine for example, which is a
major player in the energy metabolism of the myocar-
dium, yielded standard deviations of 0.5% (Cr-CH3) and
0.7% (Cr-CH2), respectively. We would therefore expect
that fully relaxed spectra on the perfused hearts could
be obtained with similar experimental settings within 1
min, which would allow for accurate amplitude estima-
tion (i.e., a standard deviation <10%). We further
observed a substantial improvement in the accuracy
and precision of DTI measurements, measured by a
bootstrap approach (36) on one and same fixed rat
heart. Our findings are in agreement with results from
previous studies on brain, using simulations (37,38) or
in vivo data, where improved SNR was obtained by
increasing the number of averages (39,40), the field
strength (41,42), or using dedicated RF-coil (27). The
influence of SNR on precision and accuracy of muscle
DTI was also previously assessed on simulated data
(43). For a 2-fold SNR improvement, they demonstrated
a gain of 80% in the accuracy of both FA and ADC, and
of 50 and 40% in the corresponding precision, respec-
tively. Similarly uncertainty in the PEV orientation was
found to decrease with improved SNR in a monotonic
fashion. However, these results were obtained by mod-
eling the noise as Gaussian, and using voxels contain-
ing only a single fiber orientation. More recently, Hales
et al. assessed how both accuracy and precision of the
PEV orientation in high-resolution three-dimensional ex
vivo cardiac DTI is affected by SNR for various diffu-
sion schemes (44). For the diffusion scheme used in the
present study, they reported that the precision of PEV
orientation is proportional to jSNRj�0:71 and the accu-
racy to jSNRj�0:80. The improvement observed with the
proposed bootstrap approach in the present study was
lower, compared to previous studies. This may be due
to the choice of the pulse sequence (two- vs. three-
dimensional).

The gain in SNR, obtained through use of optimized
hardware, can be utilized in various ways, including (i)
reducing scan time by decreasing the number of aver-
ages; (ii) increasing spatial resolution; or (iii) improving
accuracy of MRS signal amplitude estimation/measured
DTI parameters, as demonstrated here. The resulting gain
in accuracy can be utilized to reduce the number of ani-
mals required to reach statistical significance for any
study investigating cardiac structure or metabolism. It is
important to highlight that this optimized design will

also benefit any other SNR-constrained and motion-
sensitive MR techniques.

In conclusion, we present a novel, optimized RF-
coil design for MR investigations of isolated living rat
hearts. We report associated MRI improvements and
characterized the benefits for DTI and 1H MRS experi-
ments. This setup may be used to obtain new insight
into histo-anatomical properties of the heart, benefit
metabolic investigations of the myocardium, and
facilitate the further development and application
of SNR-constrained and/or motion-sensitive MR
techniques.
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