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Three-dimensional Cardiac MR Imaging:
Related Techniques and Clinical Applications

Yasuo Amano'?, Fumi Yanagisawa'?, Masaki Tachi? Kuniya Asai®,
Yasuyuki Suzuki?, Hidenobu Hashimoto'®, Kiyohisa Ishihara®, and Shinichiro Kumita?

Three-dimensional (3D) cardiac magnetic resonance (MR) imaging has several advantages, including the
easy coverage of the entire heart without misregistration, reduction of breath-holding times, and availability
for postprocessing reconstruction. These advantages are associated with some techniques such as breath-

hold or navigator gating and parallel imaging. However, the image quality of 3D cardiac MR images is com-
promised by the use of a shorter repetition time and parallel imaging. Thus, a steady-state free precession
sequence, contrast agent administration, and presaturation pulses are used to maintain the image quality. In
this review, we introduce the MR imaging techniques used in 3D cardiac MR imaging and demonstrate the
typical 3D cardiac MR images, followed by discussion about their advantages and disadvantages.
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Introduction

Three-dimensional (3D) imaging data acquisition is used in
many fields of magnetic resonance (MR) imaging because
of its high signal-to-noise ratio (SNR), easy positioning,
higher spatial resolution, the reduction of breath-holding
times, and availability for multiplanar reconstruction.!?
The homogeneous contrast timing between imaging slices
is also an advantage of 3D MR imaging.> However, the
high SNR can be compromised by the use of shorter repeti-
tion time (TR), partial (or fractional) echo, higher band-
width, or parallel imaging. We recommend preserving the
advantages of 3D cardiac MR imaging by using steady-
state free precession (SSFP), contrast agents, or presatura-
tion techniques.*® Electrocardiogram (ECG) gating or
breath-holding technique is used to suppress motion or
blurring artifacts. In this review, we describe MR imaging
techniques anticipated for 3D cardiac MR imaging and
demonstrate clinical examples acquired with 3D cardiac

'Department of Radiology, Nihon University Hospital, 1-6 Kanda-Surugadai,
Chiyoda, Tokyo 101-8309, Japan

2Department of Radiology, Nippon Medical School, Tokyo, Japan

3Department of Cardiology, Nippon Medical School, Tokyo, Japan

“Department of Cardiology, Nihon University Hospital, Tokyo, Japan
Department of Cardiology, Toho University Omori Medical Center, Tokyo, Japan
“Toshima Medical Center, Tokyo, Japan

*Corresponding author, Phone: +81-3-3293-1711, E-mail: yas-amano@nifty.com

©2017 Japanese Society for Magnetic Resonance in Medicine
This work is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivatives International License.

Received: October 14, 2016 | Accepted: December 7, 2016

Magnetic Resonance in Medical Sciences | Vol. 16, No. 3

MR sequences. We aim to describe the advantages and dis-
advantages of 3D cardiac MR imaging.

Imaging Techniques Used in 3D Cardiac
MR Imaging

ECG gating

ECG gating is always used for cardiac MR imaging irrespec-
tive of two-dimensional (2D) or 3D data acquisition. Cine
MR imaging is acquired to divide the cardiac cycle into 16—30
phases, and late gadolinium enhancement (LGE) imaging is
performed at the “cardiac static” diastolic phase.’” The data
acquisition time should be shorter than 100—150 ms to reduce
the cardiac motion artifacts even in the diastolic phase.

Breath-holding or navigator gating technique

The breath-holding technique is used to suppress respiratory
artifacts in 3D cardiac cine or LGE MR imaging.* ! By
using 3D data acquisition, the breath-holding time reduces
from 10—14 to 1 or 3 on cine imaging, leading to a shorter
examination time. By contrast, other 3D cardiac MR imaging
requiring high spatial resolution, such as coronary MR angi-
ography and 3D LGE images, employs a navigator gating
technique to visualize small structures and pathologies, while
avoiding the saturation effect and consequent SNR reduction.
612715 Tn 3D phase contrast imaging, a navigator gating or
respiratory gating technique is used to minimize the respira-
tory artifacts.'® The navigator gating technique is also applied
to 2—4 breath-hold 3D LGE or 3D tagging to maintain an
identical diaphragmatic position between the breath-holds.!”
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Parallel imaging or sparsity techniques

Parallel imaging is usually used to reduce the examination
time without compromising spatial resolution and cardiac
phases.'®2° Because a multichannel receiver coil is always
used in cardiac MR imaging, parallel imaging, including sen-
sitivity encoding (SENSE) and simultaneous acquisition of
spatial harmonics, can be applied to 3D cardiac MR imaging.
Once a reference scan with spatial and signal intensity infor-
mation of the images is performed, the parallel imaging tech-
nique can be applied to any imaging sequence.'® Although the
SNR is reduced proportionally to the reduction factor used in
the parallel imaging technique, the use of SSFP or gado-
linium-based contrast agents can compensate for the reduc-
tion. In cine MR imaging, the k-t broad-use linear-acquisition
speed-up technique (BLAST) or similar techniques are used
to reduce the examination time by systematically omitting
k-space data and by replacing the omitted data with that based
on the assumption that the data may have similar signal inten-
sity at various cardiac phases.”!'*?> Another sparsity tech-
nique, such as compressed sensing, can omit further data not
only in cine MR imaging but also in any other imaging
sequence.?® The reduction by parallel imaging is restricted by
the channel numbers of the receiver coil, whereas the reduc-
tion by the k-t technique or that of sparsity data acquisition is
not restricted. In 3D cardiac cine or LGE MR imaging, par-
allel imaging or sparsity techniques are necessary if the scan
is to be kept tolerable for patients with heart failure.

SSFP

SSFP is used in cine MR imaging and coronary MR angiog-
raphy because of its high SNR, high blood signals, and shorter
scan time.>*!32* Nonetheless, the SNR tends to be reduced in
3D SSFP MR imaging, especially when images are acquired
during a single breath-hold, because the saturation effects are
induced by a large number of phase encoding steps, short TR,
and large flip angle.'” Repeated breath-holding techniques
with navigator gating may be a compromise for balancing
acceptable SNR and scan time in coronary MR angiography.?’

Gadolinium enhancement

The administration of gadolinium-based contrast agents
improves the SNR of MR images and contributes to the iden-
tification of many myocardial diseases. LGE MR imaging is
the most valuable sequence for cardiac MR imaging, because
it identifies myocardial scarring associated with various myo-
cardial diseases.2®2’ Because of its shorter scan time, 3D LGE
can be used as an alternative to multiple breath-holding 2D
LGE." The disadvantages of 3D LGE are sensitivity to motion
artifacts because of its longer duration, possible insensitivity
to subtle enhancement because of saturation effects, and lower
spatial resolution.!”® Navigator-gated 3D LGE can provide
the LGE images with high spatial resolution, and the com-
bined use of phase sensitive inversion recovery (PSIR) may
compensate for reduced contrast between the normal and
scarred myocardium.'*!> Gadolinium increases the SNR of
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not only T,-weighted gradient-echo imaging but also SSFP
imaging because of reduced longitudinal relaxation time.>>*3
Therefore, gadolinium-based contrast agents can be used in
the 3D cine cardiac MR imaging.

Presaturation

Presaturation techniques, such as fat suppression and T, prepa-
ration, are applied to 3D cardiac MR imaging to improve the
SNR and contrast of acquired images. Presaturation tech-
niques are always used in 3D coronary MR angiography to
increase the contrast between epicardial coronary arteries and
adipose tissue or myocardium adjacent to the arteries.*” The
presaturation pulses may be effective for suppressing respira-
tory and cardiac motion artifacts by nullifying signals from the
chest wall, epicardial fat, and myocardium.

Spatial excitation

Spatial excitation allows for images with a limited, smaller
field-of-view (FOV) while avoiding phase wrapping arti-
facts.!”-203! In particular, spatial excitation is used for the
second tagging preparation in 3D tagging, which allows for a
half FOV without a wrapping-around artifact.!7-3?

Clinical Application of Cardiac 3D Imaging

Coronary MR angiography

Coronary MR angiography is performed using ECG and
navigator-gated 3D SSFP, and fat suppression and T, prepara-
tion techniques.®” These MR imaging techniques allow for
higher spatial resolution, high blood signals with suppression of
fat and myocardial signals adjacent to the arteries, and less
image blurring. The advantages of 3D coronary MR angiog-
raphy are its avoidance of contrast agents and irradiation, and its
insensitivity to calcified plaques (Fig. 1). Although coronary
MR angiography cannot estimate the calcium burden of
the coronary arteries, it is able to evaluate the coronary artery
stenoses adjacent to the calcified plaques. Compared with coro-
nary CT angiography, the spatial resolution of 3D coronary MR
angiography is coarse, its examination time is lengthy, the dis-
tance between the receiver coil and arteries can affect the
vascular signals, and plaques cannot be readily identified.?
Coronary artery stenosis may be estimated inaccurately using
coronary MR angiography (Fig. 2).

Late gadolinium enhancement

LGE is the most valuable tool among those for cardiac MR
imaging, because it identifies myocardial scarring and
inflammation.?%?73* LGE may be useful for differentiating
cardiomyopathies with similar symptoms and predicting
the prognosis of both myocardial infarction and nonis-
chemic cardiomyopathies (Fig. 3a).?®?” Multiple breath-
holding 2D LGE is the standard imaging sequence, while
single breath-holding 3D LGE can be used as an alternative
with a shorter scan time (Fig. 3b). There are a few disad-
vantages associated with 3D LGE, such as sensitivity to
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Fig 1. Coronary Computed Tomography (CT) angiography shows multiple calcified plaques of the coronary arteries, which obscure the accu-
rate assessment of arterial stenosis (a). Three-dimensional (3D) coronary magnetic resonance (MR) angiography using steady-state free preces-

sion (SSFP) excludes stenoses of the coronary arteries (b).

Fig 2. Mild coronary artery stenosis is suspected with three-dimensional (3D) coronary magnetic resonance (MR) angiography (

a, arrow).

However, coronary Computed Tomography (CT) angiography with high spatial resolution does not identify any coronary arterial stenosis (b).
The voxel size of coronary MR angiography is 0.46 x 0.76 x 1.6 mm?, while that of coronary CT angiography is 0.41 x 0.41 x 0.63 mm?>.

image blurring from the longer duration time, possible
insensitivity to subtle enhancement from saturation effects,
and partial volume effect associated with lower spatial res-
olution (Fig. 4). The 3D LGE with 2—4 breath-holds may be
a compromise between 2D LGE and single-breath-holding
3D LGE, which allows for higher spatial resolution and less
saturation. Navigator-gated 3D LGE is another 3D LGE
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Fig 3. Short-axis two-dimensional (2D)
late gadolinium enhancement (LGE)
images show subendocardial myocar-
dial infarction, which should be treated
with an interventional procedure to
recover the regional dysfunction (a,
arrows). The imaging parameters of the
2D LGE are as follows: repitition time
(TR), 6.1 ms; echo time (TE), 3.0 ms; flip
angle, 25°; in-plane resolution, 1.59 x
2.05 mm? and slice thickness, 5.0
mm. The 2D LGE requires 17 breath-
holds to include the entire left ventri-
cle. Short-axis three-dimensional (3D)
LGE images, which require only 1-3
breath-holds, also show subendocar-
dial and papillary muscular infarction
(b, arrows). The imaging parameters of
the breath-hold 3D LGE are as follows:
TR, 3.9 ms; TE, 1.1 ms; flip angle, 15°;
‘ in-plane resolution, 1.40 x 3.17 mm?

and slice thickness, 10.0 mm.

imaging technique with high spatial resolution (Fig. 5),
which can be used in patients with difficulty in holding their
breath and allows for the MPR and simultaneous visualiza-
tion of the myocardium and coronary arteries.!*!%35 Navi-
gator-gated 3D LGE is also used to visualize left atrial and
pulmonary venous scarring after RF ablation for atrial
fibrillation because of its high spatial resolution.*® Because
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Fig 4. Short-axis three-dimensional (3D) late gadolinium enhancement (LGE) images indicate myocardial scarring at the midwall of the
basal anterior septal myocardium (a, arrows). However, a 4-chamber view LGE does not show any scarring (b), which indicates that the

LGE repesents a blurring artifact or septal perforator artery.

Fig 5. Navigator-gated three-dimensional (3D) late gadolinium
enhancement (LGE) with phase sensitive inversion recovery (PSIR)
reconstruction identifies multiple subendocardial myocardial
infarction (arrows) and reflects the multiple vessel diseases. The
imaging parameters of the navogator-gated 3D LGE are as follows:
repitition time, 3.4 ms; echo time, 1.8 ms; flip angle, 15°; in-plane
resolution, 1.5 x 1.25 mm?; and slice thickness, 2.5 mm. We use a
3.0T imager to maintain the image quality for small voxel size in
the 3D imaging.

the scan time for navigator-gated 3D LGE is longer and
gadolinium concentration in the blood changes during the
data acquisition, PSIR can maintain the contrast between
the normal and scarred myocardium (Fig. 5).'3

Cine SSFP

Multiple breath-holding 2D SSFP is a standard cine MR
imaging sequence for estimating cardiac function and mor-
phology (Fig. 6a). Single breath-holding 3D SSFP has been
reported as an alternative cine imaging technique because of
its shorter scan time.®'° The 3D cine SSFP with thin slice
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thickness (e.g., <3 mm) is also available for MPR, while it
always requires fast data acquisition, including SENSE with
a high reduction factor, k-t BLAST, and compressed sensing,
to reduce the breath-holding time.®'%?> Because of the
repeated RF exposure associated with shorter TR and large
flip angle used in 3D cine SSFP, the contrast between the
blood and myocardium tends to decrease compared with 2D
cine SSFP (Fig. 6).!° The use of gadolinium can improve the
image contrast on SSFP.>>** Image blurring is also observed
in 3D cine imaging with a high reduction factor (Fig. 6¢).

Cine phase contrast

Cine phase contrast (PC) MR imaging is used to quantify the
blood flow across the cardiac valves or intra- or extracardiac
shunts, to visualize the flow direction in aortic dissection,
and to estimate myocardial wall motion.'® 3D cine PC or so-
called four-dimensional (4D) Flow has several important
advantages over 2D cine PC, including the avoidance of
complicated slice orientation, volume data acquisition, and
availability for various types of postprocessing (Fig. 7).!637
Because of the combined use of ECG and respiratory or navi-
gator gating, the scan time of 3D cine PC is quite lengthy,
usually over 10 min. The application of fast data acquisition
techniques is unavoidable for reducing scan time appropriate
for “clinical” 3D cine PC.3738

Tagging

Tagging MR imaging is valuable for evaluating the myocar-
dial wall motion and strain quantitatively. > When using 2D
tagging, multiple breath-holding should be performed to
measure myocardial strain in several imaging slices and in
3 spatial dimensions. 3D tagging can be acquired only during
3 breath-holds (Fig. 8a). In 3D tagging, the navigator gating
technique is used to maintain an identical diaphragmatic posi-
tion during the breath-holds.'>!” Echo-planar readout and the
second tagging preparation using a spatial localized pulse are
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Fig 6. Multiple breath-hold two-dimensional (2D) cine steady-state free precession (SSFP) with a reduction factor of 2 (a) and single
breath-hold three-dimensional (3D) cine imaging with a reduction factor of 4 in the phase direction (b), and that with a reduction factor
of 5 (2.5 in the phase direction x2 in the slice direction (c). The 3D cine imaging requires a 16-20 sec breath-hold for 12 imaging slices.
The contrast between the blood and myocardium is slightly lower in single breath-hold 3D cine imaging (b, c), compared with the stan-
dard 2D cine imaging (a). Image blurring is identified in 3D cine imaging with a higher reduction factor (c). The imaging parameters of the
2D cine SSFP are as follows: repitition time (TR), 2.8 ms; echo time (TE), 1.4 ms; flip angle, 50°; in-plane resolution, 1.98 x 2.26 mm?; and
slice thickness, 8.0 mm. The imaging parameters of the 3D cine imaging are as follows: TR, 3.5 ms; TE, 1.7 ms; flip angle, 50°; in-plane

resolution, 1.70 x 3.02 mm?; and slice thickness, 8.0 mm.

’T‘/(' ocity [em’s]

100.0

Fig 7. Electrocardiogram (ECG)-gated three-dimensional (3D) phase
contrast magnetic resonance (MR) imaging showing turbulence
close to the left ventricular outflow and jet flow across the inti-
mal tear in a patient with aortic dissection. Because both ECG and
respiratory gating techniques are used for 3D phase contrast imag-
ing, the scan time is approximately 14 min.

applied to reduce the scan time significantly.>'3> The 3D tag-
ging can provide the 3D presentation of the entire left ventricle
with grid tags (Fig. 8b), and has shown that the circumferential
strain at the mid septal and posterior segments and apical seg-
ments in hypertensive cardiomyopathy is predominantly
decreased, irrespective of the presence or absence of LGE. 7

Other cardiac MR imaging

Perfusion and T, and T, mapping are usually performed
with 2D MR imaging sequences.***? Therefore, both
imaging methods are achieved at a single slice or 3—5 slices
during a single breath-hold. The regional heterogeneity of
myocardial perfusion, fibrosis or edema and small perfusion

Vol. 16, No. 3

Fig 8. Echo-planar readout and the second tagging preparation
using a spatially localized pulse are applied to three-dimensional
(3D) tagging sequence. The cine images in 3 spatial directions
are acquired during 3 breath-holds with navigator gating (a). The
entire cardiac images with the grid tags are generated from the
images with the line tags in the 3 directions. The cine 3D images
with the grid tags show wall motion in a view from any angle and
provide strain data for the region and the entire myocardium (b).
A 3.0T magnetic resonance (MR) imager is used for the 3D tagging
because the tags are maintained even at end-systole.

defects could be missed because of the limited slice cov-
erage. Manka et al.* have reported that 3D perfusion
imaging using k-t BLAST is able to include the entire heart
and consequently visualizes the myocardial perfusion
without an interslice gap. 3D T, mapping has been acquired
using ECG and respiratory gating techniques, and therefore
it requires approximately 5—8 min despite the use of par-
allel imaging.** Recently, 3D MR imaging using T, prepa-
ration and interleaved data acquisition (i.e., 3D-QALAS)
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has been developed and is able to provide both T, and T,
mapping of the entire myocardium within a single breath-
hold.** Although these 3D MR imaging techniques should
be validated in clinical situations, and postprocessing anal-
yses should be developed to analyze the large amount of
quantitative data effectively, they will allow for detailed
evaluation of perfusion, fibrosis, and edema of the regional
and entire myocardium associated with various myocardial
diseases. 3D black-blood plaque imaging is still difficult to
perform because of tortuosity of the coronary arteries and
the data acquisition time. Recently, 3D non-contrast-
enhanced heavily T,-weighted imaging has been reported to
visualize a vulnerable plaque of the coronary artery.*® This
imaging is acquired with 3D coronary MR angiography
sequence modified by an inversion-recovery technique.
Noguchi et al.*® have reported that the 3D heavily
T,-weighted imaging can visualize the hyperintense coro-
nary plaque that is related to the future cardiac events.

Conclusions

3D cardiac MR imaging can be acquired by combining sev-
eral MR imaging techniques, including ECG gating, fast data
acquisition, and imaging sequences with high SNR. The 3D
cardiac MR imaging may allow detailed evaluation of coro-
nary arteries and small myocardial scarring or identification
of the regional or global myocardial abnormalities without
interslice gap and misregistration.
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