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Cardiovascular disease is the leading cause of death in 
developed countries (1). Relevant noninvasive diagnostic 
imaging techniques, which range from echocardiography 
to X-ray computed tomography, face a most demanding 
situation due to the need for both high spatial and high 
temporal resolution. In the past two decades magnetic 
resonance imaging (MRI) has been established a valuable 
new tool for studying cardiovascular disease which provides 
access to anatomic structure and function, blood flow, 
tissue perfusion and viability (2,3). Cardiovascular MRI is 
therefore included in national and international guidelines 
for the clinical evaluation of congenital heart disease, 
cardiomyopathies, myocardial viability or myocarditis, e.g., 
see (4,5).

In a technical sense, state-of-art cardiac MRI approaches 
are mostly based on fast gradient-echo pulse sequences 

which achieve synthetic “cine” representations of an average 
cardiac cycle using retrospective electrocardiogram (ECG) 
gating concepts. On the other hand, cardiac function and 
flow represent dynamic processes that are affected by a 
variety of physiologic influences such as respiration, blood 
pressure, heart rate, exercise, or medication. The underlying 
myocardial and valvular movements are characterized by 
only a limited degree of periodicity which is often further 
compromised in patients with cardiovascular disease. 
Moreover, ECG-synchronized MRI recordings yield only 
mean representations of functional parameters as cine 
image series represent the average of multiple heartbeats 
and therefore potentially miss useful diagnostic information 
about beat-to-beat variations in cardiac performance.

These limitations may now be overcome by recent 
advances in real-time MRI that allow for a direct monitoring 

Review Article

Real-time magnetic resonance imaging of cardiac function and 
flow—recent progress

Shuo Zhang1,2, Arun A. Joseph1,2, Dirk Voit1, Sebastian Schaetz1, Klaus-Dietmar Merboldt1, Christina 
Unterberg-Buchwald2,3,4, Anja Hennemuth5, Joachim Lotz2,3, Jens Frahm1,2

1Biomedizinische NMR Forschungs GmbH am Max-Planck-Institut für biophysikalische Chemie, Göttingen 37070, Germany; 2DZHK (German 

Cardiovascular Research Center), partner site Göttingen, Göttingen, Germany; 3Diagnostische und Interventionelle Radiologie, 4Kardiologie und 

Pneumologie, Universitätsmedizin Göttingen, Göttingen 37075, Germany; 5Fraunhofer MEVIS Institute for Medical Image Computing, Bremen, 

Germany

Correspondence to: Jens Frahm. Biomedizinische NMR Forschungs GmbH am Max-Planck-Institut für biophysikalische Chemie, Göttingen 37070, 

Germany. Email: jfrahm@gwdg.de.

Abstract: Cardiac structure, function and flow are most commonly studied by ultrasound, X-ray and 
magnetic resonance imaging (MRI) techniques. However, cardiovascular MRI is hitherto limited to 
electrocardiogram (ECG)-synchronized acquisitions and therefore often results in compromised quality for 
patients with arrhythmias or inabilities to comply with requested protocols—especially with breath-holding. 
Recent advances in the development of novel real-time MRI techniques now offer dynamic imaging of the 
heart and major vessels with high spatial and temporal resolution, so that examinations may be performed 
without the need for ECG synchronization and during free breathing. This article provides an overview of 
technical achievements, physiological validations, preliminary patient studies and translational aspects for a 
future clinical scenario of cardiovascular MRI in real time. 

Keywords: Real-time magnetic resonance imaging (MRI); cardiovascular imaging; cardiac function; blood flow; 

arrhythmias

Submitted Mar 09, 2014. Accepted for publication May 30, 2014.

doi: 10.3978/j.issn.2223-4292.2014.06.03

View this article at: http://dx.doi.org/10.3978/j.issn.2223-4292.2014.06.03



314 Zhang et al. Real-time cardiovascular MRI

© AME Publishing Company. All rights reserved. Quant Imaging Med Surg 2014;4(5):313-329www.amepc.org/qims

of cardiovascular functions without ECG synchronization 
and during free breathing. The method proposed here relies 
on nonlinear inversion (NLINV) reconstructions of highly 
undersampled gradient-echo MRI datasets and provides 
series of high-quality images, i.e., MRI movies, with 
individual imaging times as short as 20 ms (6,7).

This article provides an overview of the NLINV 
performance and its first applications in the field of 
cardiovascular imaging. Examples for real-time cardiac 
MRI cover field strengths of 1.5 T, 3 T and 7 T as well as 
applications with T1 and steady-state free precession (SSFP) 
contrast. Complementary, real-time flow studies, which 
exploit the principles of phase-contrast MRI, address blood 
flow in major heart vessels including the aorta, superior 
vena cava, and pulmonary arteries as well as under different 
physiologic conditions. Preliminary clinical cases demonstrate 
the future potential of real-time MRI in the diagnosis and 
management of patients with cardiovascular disease. 

Towards real-time cardiovascular MRI 

Past and ongoing developments

Since the earliest medical applications of MRI, attempts to 
further accelerate the imaging process have been a major 
driving force for technical improvements. Basic achievements 
that led to reductions in imaging time comprise echo-planar 
imaging (EPI) (8), low flip-angle gradient-echo imaging [fast 
low-angle shot (FLASH)] (9,10) and single-shot fast spin-
echo imaging [rapid acquisition with relaxation enhancement 
(RARE)] (11). With respect to cardiac imaging, the FLASH 
technique efficiently allowed for ECG-triggered acquisitions 
of the human heart and the reconstruction of cine MRI 
movies. Later variants primarily focused on gradient-echo 
sequences with fully-balanced magnetic field gradients which 
generate a SSFP signal and maximize the contrast between 
myocardium and blood pool (12,13). 

A further substantial progress in MRI acquisition 
speed was the development of parallel imaging (14-16), 
later often in conjunction with non-Cartesian encoding 
strategies such as spiral (17-19) or radial trajectories (20-25).  
Parallel MRI utilizes the spatially complementary sensitivity 
profiles of the individual elements of a large array of receive 
coils. This extra information then allows for a moderate 
undersampling of the acquired MRI data which translates 
into a corresponding acceleration of the imaging process 
(typically by a factor of about two). Applications of parallel 
imaging to cardiovascular imaging indeed resulted in 

significant improvements, e.g., see (26,27).
The adaptation of radial encoding schemes turned out 

to be particularly attractive for cardiac MRI because it 
eliminates the motion sensitivity normally introduced by 
conventional phase-encoding gradients. Apart from cross-
sectional imaging (24,25,28,29) such applications were 
mainly described for efficient 3D coverage of the heart  
(30-33). More recently, parallel imaging variants such as k-t 
broad-use linear acquisition speed-up technique (BLAST) 
and k-t sensitivity encoded (SENSE) (34,35) and through-
time radial generalized autocalibrating partially parallel 
acquisition (GRAPPA) (36) were proposed to record movies 
with high frame rates. These techniques enhance the degree 
of undersampling by exploiting temporal information, 
but have to determine the coil sensitivity maps needed for 
image reconstruction either by a lengthy calibration scan 
prior to any real-time acquisition, an approach with very 
limited practical utility, or by extensive data averaging of 
differently encoded real-time acquisitions over time, which 
is prone to motion blurring. In fact, both methods do not 
determine the actual coil sensitivity profiles that correspond 
to any individual frame of a dynamic image series, and in a 
mathematical sense therefore compromise the best possible 
image quality (see below).

Image reconstruction by NLINV

Data acquisition in all modern MRI system embraces 
the advantages of multiple receive coils such as improved 
signal-to-noise ratio (SNR) and the ability to accelerate 
the process by parallel imaging. As a consequence, parallel 
MRI no longer reconstructs the images by a direct inverse 
fast Fourier transformation (FFT), but requires an iterative 
solution to an inverse problem. The reconstruction task 
involves the determination of both the complex coil 
sensitivity profiles and the desired image from a number 
of undersampled datasets. Because the coil sensitivities 
are unknown and, in a dynamic setting which monitors a 
moving object, also change during imaging due to dielectric 
coupling of the conductive tissue with the receive coil 
elements, the true reconstruction problem in MRI emerges 
as a NLINV problem, i.e., a simultaneous determination of 
all coil sensitivities and the image.

This nonlinear aspect is generally ignored in conventional 
parallel MRI in order to avoid the high computational 
demand of respective solutions. Instead, commercially 
available methods either use an initial calibration scan 
or fully sample the central MRI data to determine low-
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resolution coil sensitivity maps by inverse FFT. With known 
coil sensitivities the subsequent reconstruction reduces to 
an easy-to-solve linear inverse problem. However, what 
might be acceptable for parallel MRI applications with only 
moderate degrees of undersampling becomes a limitation 
for real-time MRI acquisitions with undersampling factors 
of 20 to 30. In such circumstances, it seems mandatory 
to solve the true MRI reconstruction problem and jointly 
estimate all coil sensitivities and the image from all available 
datasets: This is the basic concept of regularized NLINV as 
originally described for Cartesian parallel imaging (37).

For dynamic applications the method was extended 
to arbitrary spatial encoding schemes including highly 
undersampled gradient-echo sequences with radial 
trajectories (38). Subsequent developments achieved 
true real-time imaging with acquisition times as short as  
20 ms (6) by exploiting the temporal continuity of a dynamic 
movement. Temporal regularization to the preceding frame 
of an image series adds prior knowledge to the ill-conditioned 
NLINV reconstruction and effectively constrains the range 
of possible solutions, i.e., image estimates. In theory, the 
results not only represent the best possible reconstructions, 
but also lead to a fully self-consistent technique in the sense 
that only the actual dataset but no preceding calibration scan 
or any other supplementary information is required for serial 
reconstructions of individual images.

Recent developments of the NLINV method validated 
its spatiotemporal fidelity with the use of a specially 
designed motion phantom (39) and evaluated the advances 

of incorporating an algorithm for motion estimation 
into the iterative NLINV reconstruction (40). Practical 
applications range from movements of the knee (41) and 
temporomandibular joint (42) to studies of speaking (43) 
and swallowing processes (44,45). Further work includes 
access to myocardial strain, the separation of water and fat 
contributions, applications to moving table acquisitions (46) 
and extensions to model-based reconstructions for mapping 
T2 (47), T1 (48) and T2* relaxation times (49).

Real-time cardiac MRI using NLINV

Real-time cardiovascular MRI acquisitions based on 
undersampled radial gradient-echo sequences may be 
performed on existing MRI systems without the need for 
hardware modification and regardless of field strength. 
For cardiac function, the method offers the choice of two 
different contrast modes, i.e., spin-density or T1 contrast 
(depending on flip angle) using spoiled FLASH (6,7) or 
SSFP (T2-like) contrast using fully balanced gradients 
that lead to a zero gradient moment (zero phase) for each 
repetition time (TR) and a symmetric echo at TE = TR/2 (50). 
Because the NLINV reconstruction represents a nonlinear 
version of parallel imaging, all applications benefit from the 
use of optimized array coils with a large number of spatially 
complementary elements. 

Details of experimental parameters for real-time cardiac 
MRI are summarized in Table 1. The acquisitions result in 
serial images with a nominal in-plane resolution ranging 

Table 1 Experimental parameters for real-time cardiac MRI

Field strength 1.5 T 3 T 7 T

Contrast SSFP SSFP T1 T1

Field-of-view/mm2 256.00×256.00 256.00×256.00 256.0×256.0

Image matrix size 144.00×144.00 160.00×160.00 208.0×208.0

Resolution/mm3 1.80×1.80×8.00 1.60×1.60×6.00 1.2×1.2×6.0

Repetition time/ms 2.72 2.80 2.22 2.56

Echo time/ms 1.36 1.40 1.36 1.59

Spokes per image 15.00 11.00 15.00 13.00

Imaging time/ms 40.80 30.80 33.30 33.30

Frame rate/s-1 25.00 32.00 30.00 30.00

Undersampling factor 15.00 23.00 17.00 25.00

Flip angle/degree 35.00 30.00 10.00 10.00

Bandwidth/Hz Pixel-1 1,929.00 1,736.00 1,736.00 1,335.00

MRI, magnetic resonance imaging; SSFP, steady-state free precession.
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from 1.2 to 1.8 mm and total imaging times (single frame) 
from 31 to 41 ms. All real-time MRI studies are performed 
during free breathing and without ECG gating, typically 
for about 15 s to cover a sufficiently large number of 
consecutive heartbeats. MRI-compatible ECG signals are 
still recorded to provide image time stamps relative to 
the last R wave in order to facilitate the post-acquisition 
evaluation of functional parameters by conventional 
software.

Real-time phase-contrast flow MRI using NLINV

Real-time MRI of through-plane flow is based on 
established phase-contrast principles and the use of 
velocity-encoding gradients (51). For this purpose, radial 
FLASH sequences with a motion-compensated slice-
selective gradient are combined with a bipolar gradient 
in slice direction, which for spins flowing with constant 
velocity perpendicular to the imaging plane results in a net 
phase proportional to the velocity. Practical advantages 
are observed for sequential versions where bipolar flow-
encoding gradients are applied in every other image (52,53). 
The experimental parameters for real-time phase-contrast 
flow MRI are comparable to those used for cardiac MRI: 
field of view (FOV) 192×192 mm2, in-plane resolution 
1.3×1.3 mm2, slice thickness 6 mm, TR/TE =2.86/1.93 ms, 
flip angle 10°, and velocity sensitivity (VENC) 200 cm s–1. 

Individual flow-encoded images are obtained from only 
seven radial spokes (20 ms acquisition time) which, relative 
to the Nyquist limit, corresponds to an undersampling 
factor of 32. This development resulted in a total 
acquisition time of 40 ms for a pair of differently encoded 
images which then are separated into two series (movies) 
of magnitude images and phase-contrast velocity maps. To 
ensure optimum temporal accuracy, the latter are obtained 
without temporal filtering, while magnitude images are 
subjected to a post-processing median filter to alleviate 
residual streakings. 

Online NLINV reconstruction

As far as image reconstruction is concerned, online NLINV 
reconstruction and display of real-time images on a 1.5 T 
and 3 T MRI system (Symphony and TIM Trio, Siemens 
Healthcare, Erlangen, Germany) were accomplished 
by a computer equipped with two processors (CPUs, 
SandyBridge E5-2650, Intel, Santa Clara, CA, USA) and 
eight graphical processing units (GPUs, GeForce GTX 

TITAN, Nvidia, Santa Clara, CA, USA) which runs a 
highly parallelized version of the NLINV algorithm (54). 
This customized computer could be fully integrated into 
the architecture of the commercial MRI systems, where it is 
invisible to the user and does not need any user interference. 
It effectively bypasses the standard reconstruction pipeline 
of the MRI systems, while storing reconstructions as 
conventional digital imaging and communications in 
medicine (DICOM) images in the regular databank (49). 
Currently, the online reconstruction and display rate is more 
than 20 frames per second (fps) for real-time cardiac images 
and 2×8 fps for real-time phase-contrast magnitude images 
and flow maps, but further speed-ups are foreseeable. 

Quantitative evaluations of real-time cardiovascular MRI 

The clinical information to be extracted from real-time 
cardiovascular MRI studies comprises all conventional 
functional parameters including cardiac mass, ventricular 
volumes at end systole and diastole, ejection fraction, peak 
velocities, mean velocities spatially averaged over the vessel 
lumen, flow rates, stroke volumes, and cardiac output. To 
deal with the large datasets and to provide information 
about beat-to-beat variations as well as responses to 
protocols that alter the physiologic conditions, new 
image evaluation programs are needed to reliably analyze 
hundreds of images from multiple consecutive heartbeats 
rather than just 25-30 images from one synthetic cycle. 
This particularly refers to a fully automated segmentation 
of the myocardial walls and vessels with little or no need for 
manual corrections. 

Current developments of dedicated software packages 
are based on existing platforms such as the CAIPI software 
(Fraunhofer MEVIS, Bremen, Germany). It is now 
foreseeable that advanced programs will be able to derive 
the information required for a separation of serial images 
into individual cardiac cycles from the real-time MRI 
movies themselves, i.e., without the need for any external 
ECG time stamps. Similarly, it will become possible to 
retrospectively synchronize the respiratory condition 
for sequentially acquired movies from neighboring 
sections, e.g., short-axis views, to achieve a complete 3D 
reconstruction of the dynamic heart in a 4D dataset.

Clinical applications

In a clinical scenario, the most relevant advantages of a 
reliable and robust real-time MRI method are the improved 
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patient compliance (e.g., no need for breathing protocols) 
and the extended diagnostic capabilities which arise from 
functional access to individual cardiac cycles. While the 
former increases the range of examinations to subjects with 
compromised respiratory control such as children or older 

patients and further leads to better image quality without 
motion sensitivity, the latter most obviously applies to 
patients with arrhythmias (mainly atrial fibrillation) or wall 
motion abnormalities. Moreover, real-time MRI allows for 
direct monitoring of both ventricles during ergometry in 
patients with ischemic or other cardiomyopathies or during 
stress tests in young children with congenital heart defects 
before and after repair. Other promising applications will 
be restrictive and constrictive cardiomyopathies where the 
ability to detect direct interactions between the ventricles 
adds important information. Such studies may even help 
in the early diagnosis of pathologies such as diastolic 
dysfunction. With respect to blood flow, real-time flow 
analyses provide information about beat-to-beat variations 
in flow velocity and volume simultaneously in more 
than one vessel. Future extensions will be MRI-guided 
catheterization and interventions that depend on real-time 
imaging with catheter tracking.

Clinical evaluations of the heart often require a 
comprehensive three-dimensional coverage of the 
myocardium. This may efficiently be accomplished 
using real-time MRI by sequential “multi-slice movie” 
acquisitions followed by the application of advanced post-
processing software. For example, the acquisition part may 
involve 12 directly neighboring sections each with movies of 
10 s duration, so that the anatomical/functional exam of the 
entire heart will be completed within 2 min. The processing 
part will require software for automatic separation of 
individual cardiac cycles and co-registration of individual 
sections in order to take breathing conditions into account. 
When adding adenosine stress as well as late enhancement 
studies and considering their inherent waiting periods, it is 
foreseeable to reduce the total duration of a cardiac exam to 
about 20 min.

Real-time MRI of cardiac function

Healthy subjects

Figure 1 shows selected frames from T1-weighted real-
time MRI movies of the heart of a healthy subject at 3 T. 
While the choice of spatial and temporal resolution is user 
dependent, high-quality images may be obtained with only 
15 radial spokes and 1.6 mm in-plane resolution within 
an image acquisition time of 33.3 ms (yielding 30 fps). In 
contrast to cine acquisitions with Cartesian phase-encoding 
gradients, there is no need for a large FOV along the phase-
encoding direction of the image. This is because radial 

Figure 1 Real-time cardiac MRI with T1 contrast at 3 T (33 ms 
resolution). End-diastolic and end-systolic images of a healthy 
subject in (A) a 2-chamber view; (B) 4-chamber view; (C) short-
axis view; and (D) 3-chamber view. Real-time MRI was performed 
using highly undersampled radial gradient-echo sequences and 
NLINV reconstruction. For experimental details see Table 1. MRI, 
magnetic resonance imaging; NLINV, nonlinear inversion.

A

C

D

B
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trajectories with frequency-encoding gradients only and 
standard oversampling do not suffer from aliasing when 
using relatively small FOVs of, for example, 256×256 mm2. 
Typically, flip angles of 8° to 10° result in T1-weighted 
images where bright blood signals contain information 
about inflow phenomena (e.g., turbulent flow patterns) (6,7). 
The minimum gradient-echo times (TE) achieved here (see 
Table 1) roughly correspond to opposed-phase conditions 

for water and fat protons at a field strength of 3 T (intravoxel 
cancellation of respective signal contributions) and in-phase 
conditions at 1.5 and 7 T (constructive overlap).

So far, most clinical cardiac MRI examinations are 
performed with SSFP contrast at a field strength of 1.5 T. 
Figure 2 compares selected end-diastolic frames from real-
time MRI movies obtained with SSFP contrast at 1.5 T 
and 3 T. Equivalent to respective cine MRI studies, SSFP 
conditions with fully balanced gradients result in more 
homogeneous representations of the blood pool and thereby 
maximize the contrast between blood and myocardium (50). 
In fact, at 3 T the SSFP version with only 11 spokes per 
image yields even better SNR than the comparable FLASH 
version with T1 contrast and 15 spokes (compare Figure 1). 
On the other hand, the SSFP images are prone to residual 
“banding” artifacts which are caused by magnetic field 
inhomogeneities or susceptibility differences in the thoracic 
and abdominal regions (not visible in the example shown in 
Figure 2). This problem is much reduced at the lower field 
of 1.5 T where high-quality real-time images were obtained 
with 15 spokes within 41 ms. Noteworthy, the low-field 
results shown here stem from an older MRI system, while 
state-of-the-art gradient systems and multi-element receive 
coils will further improve the image quality and speed of 
respective applications. In general, it seems advisable to 
perform real-time cardiac MRI at 1.5 T with fully balanced 
sequence versions and SSFP contrast and at higher fields 
with FLASH sequences and T1 contrast. 

First results obtained for T1-weighted real-time MRI 
of the heart at 7 T (MAGNETOM, Siemens Healthcare, 
Erlangen, Germany) are summarized in Figure 3 using 
a specially developed transmit/receive coil array with 16 
elements (55,56). With recent improvements in coil design 
(57,58), these ultrahigh fields offer the chance to further 
increase the spatial resolution of real-time cardiac MRI.

Preliminary patient studies

Clinical examples are presented in Figures 4 and 5 for 
two patients with supraventricular arrhythmias and 
abnormal wall motion, respectively. They demonstrate 
the advantageous properties of real-time MRI recordings 
which are not affected by respiratory motions or irregular 
heartbeats. For the patient in Figure 4, conventional cine 
SSFP MRI failed to properly sort the data according to the 
ECG because of frequent aperiodic heart motions. The 
resulting inconsistencies in the MRI datasets inevitably lead 
to image distortions. In contrast, real-time MRI successfully 

A

B

C

D

Figure 2 Real-time cardiac MRI with SSFP contrast at 1.5 T  
(41 ms) and 3 T (31 ms). End-diastolic images of a healthy subject 
in (A) a 2-chamber view; (B) 4-chamber view; (C) short-axis view; 
and (D) 3-chamber view. Other parameters as in Figure 1. MRI, 
magnetic resonance imaging; SSFP, steady-state free precession.
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resolves arbitrary myocardial motions in individual 
heartbeats with no induced distortions (compare Figures 6 
and 7).

Figure 5 shows a patient with abnormal motion of the 
inferior and infero-lateral segments of the left-ventricular 
myocardial wall due to prior infarction. As recently 
proposed [“1D arrhythmia plot” (50)] the characterization 
of irregular events or movements may conveniently be 
depicted by evaluating one-dimensional temporal intensity 
profiles along a reference line for a series of consecutive 
real-time images, similar to the M-mode known from 

echocardiography. For the patient in Figure 5 the chosen 
profile directly compares regular contractility in the anterior 
wall of the myocardium with the impaired performance 
of the damaged tissue in the inferior wall segments. The 
compromised wall thickening and contraction can also be 
seen in Figure 8. In general, quantitative analyses of wall 
motion based on the 17-segment AHA model and Simpson’s 
rule yield information about global myocardial function, 
ventricular volume and ventricular mass. With conventional 
cine MRI this is accomplished for a stack of parallel sections, 
each being the result of 10-12 heartbeats. Extending this 

Figure 3 Real-time cardiac MRI with T1 contrast at 7 T (33 ms). 
End-diastolic images of a healthy subject in a 2-chamber view, 
4-chamber view, short-axis view, and 3-chamber view. Other 
parameters as in Figure 1. MRI, magnetic resonance imaging.

Figure 4 Cine SSFP MRI vs. real-time MRI with T1 contrast 
(3 T, 33 ms) of a 79-year-old male patient with supraventricular 
arrhythmias. While end-diastolic SSFP cine images suffer from 
distortions due to irregular heartbeats, real-time MRI resolves 
myocardial motions without image degradation (see Figures 6 and 7).  
MRI, magnetic resonance imaging; SSFP, steady-state free 
precession.

Figure 5 Real-time cardiac MRI with SSFP contrast (1.5 T, 41 ms) of a patient with abnormal motions of the inferior and infero-
lateral segments of the left-ventricular wall after myocardial infaction. (A) End-systolic image from a corresponding movie (see Figure 8);  
(B) temporal intensity profiles along the indicated reference line demonstrate impaired wall motion (arrows) in comparison to normal 
contractions (arrow heads). The diagram covers a period of 14 cardiac cycles (295 images =11.8 s). MRI, magnetic resonance imaging; SSFP, 
steady-state free precession.

A B



320 Zhang et al. Real-time cardiovascular MRI

© AME Publishing Company. All rights reserved. Quant Imaging Med Surg 2014;4(5):313-329www.amepc.org/qims

approach, real-time MRI offers a quantitative assessment 
of every single cardiac cycle which promises more accurate 
insights into myocardial wall motion. This especially 
applies to subjects with arrhythmias or higher heart rate or 
during exercise. Similar arguments hold true for real-time 
MRI studies with myocardial tagging and corresponding 
strain analyses. Such examinations provide relevant clinical 
parameters for single heartbeats as well as their beat-to-beat 
variation compared to mean data from multiple cycles.

Figure 9 demonstrates results of a patient with diastolic 
dysfunction during a Valsalva maneuver as a stress test. 
The clinical history of the patient comprises arterial 
hypertension and coronary artery disease with operative 
revascularization (left-ventricular ejection fraction 68%). In 
order to directly monitor physiologic alterations in response 

to induced pressure changes, T1-weighted real-time images 
at 33 ms resolution (short-axis view) were acquired during 
normal breathing (10 s), increased intrathoracic pressure 
(10 s) and recovery (normal breathing for 20 s). Again, the 
direction and amount of the myocardial motion during 
prolonged pressure increase is clearly visualized in the 
temporal intensity profiles of two orthogonal reference 
lines cutting through the left-ventricular myocardial wall. 
The effect is also well demonstrated in Figure 10 which 
comprises three phases: (I) normal breathing with normal 
contraction of the septum; (II) Valsalva maneuver with 
reduced right- and left-ventricular volumes; and (III) 
D-shaped contraction pattern of the septum immediately 
after pressure release due to the overshoot of blood flowing 
into the right heart. Septal contraction normalizes after 
several beats as in healthy subjects. These studies represent 
unique opportunities only offered by real-time MRI. They 
may lead to new insights and the development of novel tests 
for diagnostic imaging of the still asymptomatic heart.

Real-time phase-contrast MRI of cardiac blood 
flow

Healthy subjects

Figure 11 summarizes magnitude images and phase-contrast 
velocity maps of the ascending and descending aorta, 
superior vena cava, pulmonary trunk and pulmonary arteries 
of a healthy subject during systole. They are selected 
from respective real-time MRI movies (40 ms resolution) 

Figure 7 Real-time cardiac MRI with T1 contrast (3 T, 33 ms) of a 
patient with supraventricular arrhythmias (same as in Figure 6) (60). 
MRI, magnetic resonance imaging. Available online: http://www.
asvide.com/articles/302

Figure 8 Real-time cardiac MRI with SSFP contrast (1.5 T, 40 ms)  
of a patient with abnormal motion of the left-ventricular 
myocardial wall (61). For details see Figure 5. MRI, magnetic 
resonance imaging; SSFP, steady-state free precession. Available 
online: Available online: http://www.asvide.com/articles/303

Figure 6 Cine cardiac MRI with SSFP contrast (3 T) of a patient 
with supraventricular arrhythmias (59). For details see Figure 
4. MRI, magnetic resonance imaging; SSFP, steady-state free 
precession. Available online: http://www.asvide.com/articles/301

Video 1. Cine cardiac MRI with SSFP contrast (3 T) of a 

patient with supraventricular arrhythmias
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Video 3. Real-time cardiac MRI with SSFP contrast (1.5 T,  

40 ms) of a patient with abnormal motion of the left-ventricular 

myocardial wall

Shuo Zhang, Arun A. Joseph, Jens Frahm*, et al.

Biomedizinische NMR Forschungs GmbH am Max-Planck-Institut für 
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Video 2. Real-time cardiac MRI with T1 contrast (3 T, 33 ms) of a 

patient with supraventricular arrhythmias (same as in Video 1)
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and represent situations with strong cardiac outflow. The 
achievable image quality supports a reliable segmentation of 
vessels which in diastolic phases is even better than usually 
obtainable by cine MRI recordings [e.g., see (53)]. Residual 
streaking artifacts in phase-contrast maps may appear 
during systole because reconstructions from extremely 
undersampled data are mainly affected by rapid intensity 
changes with high spatial frequencies and the lack of a 
temporal filter. However, for the same reason these artifacts 
occur outside the vessel lumen, i.e., the area of interest for 
quantitative flow evaluations. Real-time phase-contrast flow 

MRI is thus possible for all major heart vessels.
A transient problem for the clinical use of real-

time cardiovascular MRI is the automatic and reliable 
segmentation of myocardial structures and vessels from 
hundreds of images without manual interference. For real-
time flow studies Figure 12 shows a promising strategy 
based on recent developments of the CAIPI software 
(Fraunhofer MEVIS, Bremen, Germany) (63). Robust 
automated segmentation of the ascending aorta is followed 
by a definition of blood flow velocities and a subsequent 
visualization of peak velocities, mean velocities averaged 
across the vessel lumen and minimum velocities (overlayed 
in Figure 12). The real-time evolution for a consecutive 
series of 17 heartbeats directly demonstrates the influence 
of respiration which leads to higher velocities during 
inspiration (i.e., reduced intrathoracic pressure) than during 
exspiration. Corresponding analyses of temporal velocity 
profiles for the subject and vessels shown in Figure 11 are 
summarized in Figure 13 depicting the data of only a single 
selected cardiac cycle.

Subsequent functional analyses comprise stroke volumes 
and flow rates for each individual heartbeat. Such information 
may uniquely be exploited for a detailed characterization of 
the immediate physiologic responses to stress or exercise. 
For example, Figure 14 compares simultaneous alterations 
of the mean blood flow velocity and resulting stroke volume 
in the ascending aorta with adjustments of the heart rate 
before, during and after a Valsalva maneuver. This flow study 

Figure 9 Real-time cardiac MRI with T1 contrast (3 T, 33 ms) of a patient with diastolic dysfunction during Valsalva maneuver, i.e., 
increased intrathoracic pressure. (A) End-diastolic and end-systolic images from a corresponding movie (see Figure 10); (B) temporal 
intensity profiles (40 s, top = horizontal reference, bottom = vertical reference) demonstrate reduced systolic and diastolic myocardial 
movements as well as alterations of wall thickening during Valsalva maneuver (arrows). MRI, magnetic resonance imaging.

Figure 10 Real-time cardiac MRI with T1 contrast (3 T, 33 ms) of 
a patient with diastolic dysfunction during Valsalva maneuver (62).  
For details see Figure 9. MRI, magnetic resonance imaging. 
Available online: http://www.asvide.com/articles/304‍‍
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Video 4. Real-time cardiac MRI with T1 contrast (3 T, 33 ms) of a 

patient with diastolic dysfunction during Valsalva maneuver
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Figure 11 Real-time phase-contrast flow MRI (3 T, 40 ms): 
magnitude images and phase-contrast maps (20 ms each) of a 
healthy subject during systole for the ascending and descending 
aorta (Ao), superior vena cava (SVC), pulmonary trunk (PT), left 
(l-PA) and right pulmonary artery (r-PA). Real-time phase-contrast 
flow MRI was performed using sequential acquisitions of highly 
undersampled radial gradient-echo images with and without a 
bipolar velocity-encoding gradient and phase-sensitive NLINV 
reconstructions without temporal filter. MRI, magnetic resonance 
imaging; NLINV, regularized nonlinear inversion.

Figure 12 Real-time phase-contrast flow MRI (3 T, 40 ms): 
Quantitative evaluations for the ascending aorta of a healthy 
subject using CAIPI software. (A) End-systolic magnitude image 
and phase-contrast map with segmented ascending aorta and 
color-coded flow velocities, respectively; (B) the overlay of peak 
flow velocity, mean velocity averaged over the lumen of the aorta 
and minimum velocity as a function of time for 17 consecutive 
heartbeats demonstrates the influence of respiration. MRI, 
magnetic resonance imaging.

A

B

of a healthy subject employed a similar protocol as used for 
real-time cardiac MRI in Figure 9. To control for the target 
pressure increase of 40 mmHg during the 10 s maneuver, 

the oropharyngeal pressure was measured (GMSD 2 BR, 
Greisinger electronic GmbH, Regenstauf, Germany) and 
shown to the subject in real time through a visual feedback 
system (projector, mirror). 

During continuously elevated intrathoracic pressure the 
aortic blood flow as given by the stroke volume becomes 
drastically reduced. This is a consequence of both a 
reduced venous inflow and a lower cardiac outflow due 
to a decreased velocity and smaller (compressed) aortic 
lumen during the maneuver. To compensate for the lower 
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Figure 13 Real-time phase-contrast flow MRI (3 T, 40 ms) of major heart vessels for a single cardiac cycle (same subject as in Figure 11). 
The curves represent mean blood flow velocities averaged across the respective vessel lumen for the ascending and descending aorta, 
pulmonary trunk, left and right pulmonary artery, and superior vena cava. MRI, magnetic resonance imaging.

Figure 14 Real-time phase-contrast flow MRI (3 T, 40 ms) of the ascending aorta of a healthy subject during Valsalva maneuver comprising 
10 s of normal breathing, 10 s of increased intrathoracic pressure (broken lines) and 20 s of normal breathing. (A) Mean blood flow velocity 
averaged across vessel lumen as a function of phase-contrast map; (B) stroke volume as a function of cardiac cycle. MRI, magnetic resonance 
imaging.
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cardiac output, the heart rate is increased. After return 
to normal breathing, the cardiac performance rapidly 
recovers to baseline levels. In general, however, these serial 
functional observations are expected to change for specific 
pathologic conditions, which is why the Valsalva maneuver 
has previously been proposed as a physiologic stress test and 
diagnostic indicator for cardiovascular disease (64,65). Real-
time phase-contrast flow MRI may now further explore this 
potential by monitoring the immediate hemodynamic and 
physiologic responses to stress and exercise.

Preliminary patient studies

Figure 15 presents real-time cardiovascular MRI results 
for a 25-year-old male patient suffering from mild aortic 
insufficiency. Because T1-weighted real-time cardiac 
MRI provides contrast within the blood pool that reflects 
through-plane flow (i.e., signal increase due to reduced 
saturation) as well as turbulent phenomena (i.e., signal 
decrease due to dephasing), respective movies (see Figures 
16 and 17) directly unravel the occurrence of back flow into 
the left ventricle (Figure 15A). 

Real-time phase-contrast flow MRI in a perpendicular 
section at about the level of the aortic valve further 
demonstrates and quantifies this regurgitation. During 
systole (Figure 15B), the blood is represented as bright 

Figure 15 (A) Real-time cardiac MRI (3 T, 33 ms) and (B,C) real-
time phase-contrast flow MRI (3 T, 37 ms) of a 25-year-old male 
patient with mild aortic insufficiency. (A) Selected images in a 
3-chamber and coronal view demonstrate aortic regurgitation 
(arrows), see Figures 16 and 17; (B) During systole, real-time 
magnitude images and phase-contrast maps reveal normal cardiac 
outflow at about the level of the aortic valve (arrow heads); whereas 
(C) diastolic phases are affected by pronounced regurgitation from 
the aorta back into the left ventricle (arrows), see Figures 18 and 
19. MRI, magnetic resonance imaging.

Figure 16 Real-time cardiac MRI with T1 contrast (3 T, 33 ms) of 
a patient with mild aortic insufficiency: 3-chamber view (66). For 
details see Figure 14. MRI, magnetic resonance imaging. Available 
online: http://www.asvide.com/articles/305‍‍

Figure 17 Real-time cardiac MRI with T1 contrast (3 T, 33 ms) 
of a patient with mild aortic insufficiency: coronal view (same as 
in Figure 16) (67). MRI, magnetic resonance imaging. Available 
online: http://www.asvide.com/articles/306‍‍

A

B

C

Video 5. Real-time cardiac MRI with T1 contrast (3 T, 33 ms) of a 

patient with mild aortic insufficiency: 3-chamber view

Shuo Zhang, Arun A. Joseph, Jens Frahm*, et al.

Biomedizinische NMR Forschungs GmbH am Max-Planck-Institut für 
biophysikalische Chemie, Göttingen 37070, Germany; DZHK (German 

Cardiovascular Research Center), partner site Göttingen, Göttingen, Germany

▲

Video 6. Real-time cardiac MRI with T1 contrast (3 T, 33 ms) of 

a patient with mild aortic insufficiency: coronal view (same as in 

Video 5)
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signal in both magnitude images (inflow) and phase-contrast 
maps (high velocities) indicating cardiac outflow from the 
left ventricle into the ascending aorta. On the other hand, 
during diastolic phases (Figure 15C), the magnitude images 
are characterized by a focal signal void (dephasing), while 
the corresponding phase-contrast maps reveal reversed 
blood flow back into the ventricle. These differences are 
also well visualized in Figures 18 and 19.

Challenges and perspectives

Although real-time cardiovascular MRI represents a most 
challenging field of application for ultrafast dynamic 
imaging, examinations of myocardial anatomy, function, 
and flow during free breathing and independent of ECG 
synchronization promise significant benefits which range 
from improved patient compliance and extended diagnostic 
capabilities to temporal (economic) efficiency. Despite their 
preliminary character the present results confirm that real-
time cardiovascular MRI will generally reach diagnostic 
quality, while already being superior for patients with 
irregular heartbeats.

At this stage a certain difficulty for achieving clinical 
acceptance appears to be the absence of a true gold standard 
for real-time cardiac performance. This lack hampers 
necessary “validation” studies and complicates comparisons 
of real-time MRI to cine MRI methods or ultrasound 
techniques none of which offer the ground truth. For 
example, the previous observation of a 10% lower ejection 
fraction (averaged across patients) in real-time vs. cine MRI 
examinations (53) remains difficult to interpret as both 

methods possess systematic differences in terms of image 
acquisition technique and physiologic coverage. 

Other obstacles for a rapid translation of real-time 
MRI into the clinical arena are the high computational 
demand of NLINV reconstructions and the urgent need 
for advanced post-processing tools that offer reliable tissue 
segmentation for large image series with minimal user 
interference. While considerable progress has already been 
made with respect to the former problem, the current lack 
of fast and reliable software for the quantitative analysis 
of real-time MRI datasets has to be overcome in order to 
enable widespread clinical application. A move to routine 
real-time cardiac MRI may therefore take longer than its 
mere technical implementation and will further require a 
sufficient base of evidence from extended clinical trials.

Finally, ongoing developments aim to extend the current 
methods for cardiac function and flow toward a more 
comprehensive MRI evaluation of the heart in real time. 
Such future examinations should not only include a full 
three-dimensional coverage of the heart with access to 
tissue perfusion and viability, but also reduce the overall 
examination time to less than 20 min. 
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