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Applications in cardiovascular MRI ranges from global and regional assessment of myocardial
function, flow quantitation, perfusion imaging, to angiography. Across the diverse applications,
imaging speed is of primary interest due to their dynamic nature.

In the last decade or so, imaging speed has increased dramatically, partly due to faster pulse
sequences and hardward that can handle the higher duty cycle and larger bandwidth, as well as
to sparse sampling and reconstruction techniques that reduce the acquisition process to a
minimum. This lecture reviews the emerging techniques in these exciting applications.

Global function assessment

Conventionally, the gold standard technique in MRI for assessing global systolic function has
been breathheld cine 2D imaging. Increasingly, with the use of parallel imaging, k-t acceleration,
and/or radial sampling, it becomes feasible to perform real-time imaging of ventricular function
in a free-breathing manner, without the need for ECG triggering [1 — 5]. Such real-time images
are then amenable to post-processing steps such as registration and warping that
retrospectively produce images that approach the quality of those from a breath-held cine
acquisition [6].

Regional function assessment

Regional function of the myocardium can be assessed by MRI with a tagging experiment.
Through the development of HARP [7] and DENSE [8], it was recognized that the displacement
information is contained without a relatively small region of k-space, beyond which only limited
information can be recovered due to SNR constraints. As a result, it is only necessary to acquire
the small k-space region, thereby enabling regional function assessment in real-time with an
extremely rapid readout [9-10].

Perfusion imaging

The performance of perfusion imaging has been determined for some time by the raw
bandwidth of data acquisition. As a result, EPlI and more recently bSSFP have been the
techniques of choice. The advent of parallel imaging and massively parallel arrays have enabled
the demonstration of real-time 3D perfusion imaging, which achieves whole ventricular
coverage, albeit at the expense of resolution [11]. More recently, the development of k-t
techniques have led to further acceleration in perfusion imaging, resulting in significant
improvements in spatial coverage, acceptable heart rate range, and/or spatial resolution [12-15].

Flow quantitation

Flow measurements by phase contrast techniques have been accelerated primarily by parallel
imaging [16]. Acceleration using k-t approaches has been demonstrated, although fidelity can
be affected at high acceleration for cine acquisition due to temporal blurring [17-18].
Undersampled radial trajectories have also been applied to flow quantitation [19]. Flow imaging
is now fast enough to enable 7D acquisitions (3 spatial, 1 temporal and 3 velocity dimensions)
on a practical basis [20].
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Angiography

Angiography holds considerable opportunity for acceleration due to the sparsity of the blood
vessels. This opportunity has been recognized for some time, and has enabled advances in
dynamic contrast enhanced angiography through view sharing techniques such as TRICKS [21].
More recently, HYPR has been developed that utilizes the temporal relationship of the imaging
signals, and allows significant acceleration beyond an order of magnitude [22]. There is a trade-
off between acceleration and the fidelity of the images, but the trade-off appears acceptable in
this application. The rise of compressed sensing has also found numerous applications in MRI.
Angiography is a clear application of this technique due to the inherent sparsity [23-24].

References
1. Weiger M, Pruessmann KP, Boesiger P. Cardiac real-time imaging using SENSE.
SENSitivity Encoding scheme. Magn Reson Med. 2000 Feb;43(2):177-84.

2. Tsao J, Kozerke S, Boesiger P, Pruessmann KP. Optimizing spatiotemporal sampling for
k-t BLAST and k-t SENSE: application to high-resolution real-time cardiac steady-state
free precession. Magn Reson Med. 2005 Jun;53(6):1372-82.

3. Lurz P, Muthurangu V, Schievano S, Nordmeyer J, Bonhoeffer P, Taylor AM, Hansen
MS. Feasibility and reproducibility of biventricular volumetric assessment of cardiac
function during exercise using real-time radial k-t SENSE magnetic resonance imaging.
J Magn Reson Imaging. 2009 May;29(5):1062-70.

4. Seiberlich N, Ehses P, Duerk J, Gilkeson R, Griswold M. Improved radial GRAPPA
calibration for real-time free-breathing cardiac imaging. Magn Reson Med. 2010 Sep 24.

5. Uecker M, Zhang S, Voit D, Karaus A, Merboldt KD, Frahm J. Real-time MRI at a
resolution of 20 ms. NMR Biomed. 2010 Oct;23(8):986-94.

6. Kellman P, Chefd'hotel C, Lorenz CH, Mancini C, Arai AE, McVeigh ER. High spatial and
temporal resolution cardiac cine MRI from retrospective reconstruction of data acquired
in real time using motion correction and resorting. Magn Reson Med. 2009
Dec;62(6):1557-64.

7. Osman NF, Kerwin WS, McVeigh ER, Prince JL. Cardiac motion tracking using CINE
harmonic phase (HARP) magnetic resonance imaging. Magn Reson Med. 1999
Dec;42(6):1048-60.

8. Aletras AH, Ding S, Balaban RS, Wen H. DENSE: displacement encoding with
stimulated echoes in cardiac functional MRI. J Magn Reson. 1999 Mar;137(1):247-52.

9. Sampath S, Derbyshire JA, Atalar E, Osman NF, Prince JL. Real-time imaging of two-
dimensional cardiac strain using a harmonic phase magnetic resonance imaging (HARP-
MRI) pulse sequence. Magn Reson Med. 2003 Jul;50(1):154-63.

10. Korosoglou G, Youssef AA, Bilchick KC, Ibrahim el-S, Lardo AC, Lai S, Osman NF.
Real-time fast strain-encoded magnetic resonance imaging to evaluate regional

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

myocardial function at 3.0 Tesla: comparison to conventional tagging. J Magn Reson
Imaging. 2008 May;27(5):1012-8.

Kellman P, Zhang Q, Larson AC, Simonetti OP, McVeigh ER, Arai AE. Cardiac First-
pass Perfusion MRI using 3d trueFISP Parallel Imaging using TSENSE. ISMRM 2004.

Jung B, Honal M, Hennig J, Markl M. k-t-Space accelerated myocardial perfusion. J
Magn Reson Imaging. 2008 Nov;28(5):1080-5.

Plein S, Schwitter J, Suerder D, Greenwood JP, Boesiger P, Kozerke S. k-Space and
time sensitivity encoding-accelerated myocardial perfusion MR imaging at 3.0 T:
comparison with 1.5 T. Radiology. 2008 Nov;249(2):493-500.

Otazo R, Kim D, Axel L, Sodickson DK. Combination of compressed sensing and
parallel imaging for highly accelerated first-pass cardiac perfusion MRI. Magn Reson
Med. 2010 Sep;64(3):767-76.

Vitanis V, Manka R, Giese D, Pedersen H, Plein S, Boesiger P, Kozerke S. High
resolution three-dimensional cardiac perfusion imaging using compartment-based k-t
principal component analysis. Magn Reson Med. 2010 Oct 6. [Epub ahead of print]

Marshall 1. Feasibility of k-t BLAST technique for measuring "seven-dimensional” fluid
flow. J Magn Reson Imaging. 2006 Feb;23(2):189-96.

Baltes C, Hansen MS, Tsao J, Kozerke S, Rezavi R, Pedersen EM, Boesiger P.
Determination of peak velocity in stenotic areas: echocardiography versus k-t SENSE
accelerated MR Fourier velocity encoding. Radiology. 2008 Jan;246(1):249-57. Epub
2007 Oct 19.

Jung B, Honal M, Ullmann P, Hennig J, Markl M. Highly k-t-space-accelerated phase-
contrast MRI. Magn Reson Med. 2008 Nov;60(5):1169-77.

Chang W, Landgraf B, Johnson KM, Kecskemeti S, Wu Y, Velikina J, Rowley H, Wieben
O, Mistretta C, Turski P. Velocity Measurements in the Middle Cerebral Arteries of
Healthy Volunteers Using 3D Radial Phase-Contrast HYPRFlow: Comparison with
Transcranial Doppler Sonography and 2D Phase-Contrast MR Imaging. AJNR Am J
Neuroradiol. 2010 Nov 24. [Epub ahead of print]

Markl M, Draney MT, Hope MD, Levin JM, Chan FP, Alley MT, Pelc NJ, Herfkens RJ.
Time-resolved 3-dimensional velocity mapping in the thoracic aorta: visualization of 3-
directional blood flow patterns in healthy volunteers and patients. J Comput Assist
Tomogr. 2004 Jul-Aug;28(4):459-68.

Korosec FR, Frayne R, Grist TM, Mistretta CA. Time-resolved contrast-enhanced 3D MR
angiography. Magn Reson Med. 1996 Sep;36(3):345-51.

Mistretta CA, Wieben O, Velikina J, Block W, Perry J, Wu Y, Johnson K, Wu Y. Highly
constrained backprojection for time-resolved MRI. Magn Reson Med. 2006 Jan;55(1):30-
40.

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)



23. Lustig M, Donoho D, Pauly JM. Sparse MRI: The application of compressed sensing for
rapid MR imaging. Magn Reson Med. 2007 Dec;58(6):1182-95.

24. Cukur T, Lustig M, Nishimura DG. Improving non-contrast-enhanced steady-state free

precession angiography with compressed sensing. Magn Reson Med. 2009
May;61(5):1122-31.

Proc. Intl. Soc. Mag. Reson. Med. 19 (2011)



