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Purpose: To evaluate a novel real-time phase-contrast
magnetic resonance imaging (MRI) technique for the
assessment of through-plane flow in the ascending aorta.
Materials and Methods: Real-time MRI was based on a
radial fast low-angle shot (FLASH) sequence with about
30-fold undersampling and image reconstruction by regularized nonlinear inversion. Phase-contrast maps were
obtained from two (interleaved or sequential) acquisitions
with and without a bipolar velocity-encoding gradient.
Blood flow in the ascending aorta was studied in 10
healthy volunteers at 3 T by both real-time MRI (15 sec
during free breathing) and electrocardiogram (ECG)synchronized cine MRI (with and without breath holding).
Flow velocities and stroke volumes were evaluated using
standard postprocessing software.
Results: The total acquisition time for a pair of phasecontrast images was 40.0 msec (TR/TE ¼ 2.86/1.93 msec,

10 flip angle, 7 spokes per image) for a nominal in-plane
resolution of 1.3 mm and a section thickness of 6 mm.
Quantitative evaluations of spatially averaged flow velocities and stroke volumes were comparable for real-time
and cine methods when real-time MRI data were averaged
across heartbeats. For individual heartbeats real-time
phase-contrast MRI resulted in higher peak velocities for
values above 120 cm s1.
Conclusion: Real-time phase-contrast MRI of blood flow
in the human aorta yields functional parameters for individual heartbeats. When averaged across heartbeats realtime flow velocities and stroke volumes are comparable to
values obtained by conventional cine MRI.

1
Biomedizinische NMR Forschungs GmbH am Max-Planck-Institut
f€
ur biophysikalische Chemie, G€
ottingen, Germany.
2
Institut f€
ur Diagnostische und Interventionelle Radiologie, Universit€
atsmedizin, G€
ottingen, Germany.
Additional Supporting Information may be found in the online version
of this article.
Contract grant sponsor: Deutsche Forschungsgemeinschaft; Contract
grant numbers: FR 2148/1-1, LO 1773/1-1; Contract grant sponsor:
DZHK (German Centre for Cardiovascular Research); Contract grant
sponsor: BMBF (German Ministry of Education and Research (both
to S.Z.).
*Address reprint requests to: A.A.J., Biomedizinische NMR Forschungs
GmbH am Max-Planck-Institut f€
ur biophysikalische Chemie, Am
Fassberg 11, 37070 G€
ottingen, Germany. E-mail: ajoseph@gwdg.de
Received February 28, 2013; Accepted July 10, 2013.
DOI 10.1002/jmri.24328
View this article online at wileyonlinelibrary.com.
C 2013 Wiley Periodicals, Inc.
V

PHASE-CONTRAST MAGNETIC RESONANCE IMAGING (MRI) of cardiovascular blood flow is an established tool of clinical utility in the assessment of
cardiac function which is performed using electrocardiogram (ECG)-synchronized cine acquisitions
with or without breath holding (1–5). On the other
hand, real-time MRI studies of blood flow show
some promise in the ability to overcome problems
due to irregular heartbeats or poor respiratory control, improve patient compliance, and provide new
opportunities for monitoring physiologic responses
to stress and exercise (for an early example, see (6)).
However, although real-time techniques have
become a research focus for both cardiovascular
MRI (7–12) and phase-contrast flow MRI (13–18),
many proposals offer only limited spatiotemporal
resolution and/or low image quality that hampers
clinical acceptance. Most recently, we presented a
new principle for phase-contrast flow MRI in real
time which relies on highly undersampled radial fast
low-angle shot (FLASH) acquisitions in conjunction
with image reconstruction by regularized nonlinear
inversion (19). The aim of this study was to further
develop this idea toward a quantitatively reliable
through-plane flow MRI method and to demonstrate
its feasibility by measuring blood flow in the human
aorta in direct comparison to established cine
recordings.
MATERIALS AND METHODS
This study was approved by the Institutional Review
Board and all participants gave written informed consent before each examination. Ten male volunteers
(25.2 6 2.0 years [mean 6 standard deviation]; range
20–30 years) with no known illness were recruited
from the local university. MRI studies were conducted
at 3 T with the use of a commercial MRI system (Tim
Trio, Siemens Healthcare) and a standard 32-channel
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T1-weighted RF-spoiled images were continuously
acquired with the following parameters: repetition
time TR ¼ 2.86 msec, echo time TE ¼ 1.93 msec, flip

angle 10 , field of view (FOV) 192  192 mm2, inplane resolution 1.3  1.3 mm2, slice thickness 6
mm, VENC ¼ 200 cm s1. Individual images were
obtained from seven radial spokes (144 data samples)
equally distributed to homogeneously sample k-space,
while five consecutive acquisitions used complementary sets of radial spokes. Relative to the Nyquist limit
of 144  p/2 ¼ 226, the degree of undersampling
refers to a factor of 32. Two-fold frequency oversampling allowed for the use of a small FOV without artifacts. All real-time acquisitions were performed
during free breathing for a period of 15 seconds corresponding to about 12 to 15 heartbeats. Corresponding
datasets resulted in 375 magnitude images and
phase-difference maps.
Figure 1. Schematic sequence diagram for real-time phasecontrast MRI of through-plane flow using radial FLASH
(Gread1, Gread2) without and with a bipolar velocity-encoding
gradient (Gvenc, interleaved version). In practice, the flowencoding gradient is combined with overlapping parts of the
slice-selection gradient (Gslice). RF ¼ radiofrequency pulse,
TE ¼ echo time, TR ¼ repetition time, n ¼ number of radial
spokes.

cardiac coil (anterior and posterior parts with 16
array elements each). Conventional MRI-compatible
ECG recordings served for retrospective triggering of
cine studies and provided ECG time stamps for realtime images to facilitate the evaluation of functional
parameters.
Real-Time Phase-Contrast MRI
Real-time MRI based on highly undersampled gradientecho acquisitions with regularized nonlinear inverse
reconstruction (10–12) was recently extended to phasecontrast flow MRI (19). As demonstrated in Fig. 1, the
further modified technique proposed here consists of a
radial FLASH sequence with a motion-compensated
slice-selective gradient and a bipolar flow-encoding gradient (zero-maximum version) which may be applied in
an interleaved (every other repetition interval) or
sequential fashion (every other image acquisition). In
order to shorten the gradient-echo time as much as
possible the implementation was restricted to throughplane flow with flow-encoding gradients that overlap
with slice and read gradients. These developments
resulted in an acquisition time of only 40 msec (ie, for
both the magnitude image and phase-contrast map)
and a nominal in-plane resolution to 1.3 mm.
The slew rates of the magnetic field gradients were
set to lower than maximal values in order to avoid
peripheral nerve stimulation in line with vender calculations. In order to achieve T1 contrast the radial
FLASH sequence used radiofrequency (RF) spoiling
and in addition exploited the inherent gradient spoiling of a radial MRI sequence. In contrast to Cartesian
sampling, this powerful spoiling capacity emerges
from the change of the frequency-encoding gradients
in every repetition interval.

Online Image Reconstruction
The development of a "bypass" computer equipped
with eight graphical processing units (GPUs, GeForce
GTX 580, Nvidia, Santa Clara, CA) allowed for online
reconstruction and display of both magnitude images
and phase-contrast maps with a slight but acceptable
delay. The server was fully integrated into the commercial MRI system and invisible to the user. To
achieve such image reconstructions without user
interference, the measured k-space data were diverted
from the vendor-supplied image calculation pipeline
(ICE, Siemens) and transferred to the "bypass" computer (sysGen/TYAN Octuple-GPU, 2x Intel Westmere
E5620 processor, 48GB RAM, Sysgen, Bremen, Germany) via Gigabit Ethernet. Two packs of 4 GPUs
simultaneously reconstruct the two streams of images
(ie, with and without a flow-encoding gradient) by
using a specially developed multi-GPU programming
library for real-time applications (20). For the chosen
experimental conditions and the current hardware,
the reconstruction and display took about 60 seconds
for 375 pairs of magnitude images and phase-contrast
maps. The corresponding rate of about 2  6 fps enables adequate visual control of the actual measurement. The images are automatically stored in the
normal databank of the MRI scanner.
As discussed in preceding work about the nonlinear
inverse reconstruction method (11,21,22), the combined estimation of image and coil sensitivities
employed an additional "oversampling factor" of 1.5
on top of the 2-fold frequency oversampling during
data acquisition, so that the actual reconstructions
are accomplished on 3-fold the nominal FOV. Finally,
while magnitude images were subjected to a temporal
median filter to alleviate residual streakings, the
phase images used for phase-contrast flow velocity
maps were obtained without any temporal filter to
achieve optimum temporal fidelity.
Cine Phase-Contrast MRI
Standard ECG-gated cine phase-contrast MRI was
performed during free breathing as well as with
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breath holding without navigator. The basic scan
parameters for both conditions were similar: slice

thickness 6 mm, flip angle 25 , phase resolution
1
100%, VENC ¼ 200 cm s . Other parameters for cine
MRI with free breathing were: TR ¼ 20.05 msec (two
acquisitions with different flow encodings, two segments), TE ¼ 2.18 msec, 3 averages, 30 phases,
FOV ¼ 320 mm, base resolution 256, rectangular FOV
phase 75%, phase oversampling 30%, in-plane resolution 1.3 mm. The parameters for cine MRI with breath
holding were: TR ¼ 46.90 msec (two acquisitions, five
segments), TE ¼ 1.92 msec, rectangular FOV phase
68.8%, no phase oversampling, base resolution 192, 1
average, 20 phases, in-plane resolution 1.7 mm.
Reconstructions were performed with generalized
autocalibrating partially parallel acquisition (GRAPPA)
using a nominal acceleration factor of 2 and 24 reference lines defining the fully sampled k-space center.
Typically, the measuring times for cine MRI with free
breathing were 3.3 minutes, while cine MRI with
breath holding took about 13 seconds.
Study Protocol
The examination protocol comprised cine MRI with
and without breath holding as well as real-time MRI
with interleaved and sequential flow encoding. Flow
measurements were performed in a single oblique
plane perpendicular to the ascending aorta at the
level of the right pulmonary artery. All measurements
were repeated three times in a pseudorandomized
order. Total examination times were 30–40 minutes.
Additional studies of a static phantom (agarose gel)
were performed to evaluate residual phase offsets by
real-time and cine methods. These measurements
used a simulated ECG from the MRI system and were
repeated for each subject keeping the same conditions
(image orientation, shim) as for flow MRI in the aorta.
Flow Evaluation
Functional parameters were derived from dynamic
series of magnitude images and phase-contrast maps
with the use of QFlow 5.4 prototype software (MEDIS
Medical Imaging Systems, Leiden, The Netherlands).
This version was specifically designed to extend the
conventional analysis of a single (synthetic) cardiac
cycle to real-time evaluations of multiple heartbeats.
For the analysis of real-time MRI acquisitions 10 consecutive cardiac cycles were chosen in all cases.
Functional evaluations included peak velocities, mean
velocities spatially averaged over the aortic lumen,
flow rates, stroke volumes, and cardiac output.
Both real-time and cine MRI movies were jointly
evaluated by one radiologist (J.K., 2 years clinical
experience) and one physicist (A.J.) to reduce interobserver deviations through consensus about the segmentation of the aorta. This approach was chosen to
exclude putative influences of the available postprocessing software, which has not yet fully been optimized for real-time MRI conditions. The automatic
propagation of a defined contour was visually controlled and if necessary manually corrected. The
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results obtained with and without manual contour
correction were recorded as well as the durations
needed for automated and manual corrections along
with the total number of corrected images.
Mean phase offset values from phantom measurements were obtained using the in vivo contours of the
aorta for all 10 subjects. Corresponding spatially
averaged velocities were compared to the maximum
encoding velocity (VENC). Because of the small values
obtained for real-time MRI (see below), no phase offset
corrections were performed.
Statistics
Flow parameters obtained for real-time MRI (10 heartbeats) were expressed as mean 6 standard deviation.
A comparison of flow parameters obtained by realtime and cine MRI methods was performed using a
paired Student’s t-test with P < 0.05 considered statistically significant. Results obtained for peak velocities
and stroke volumes were further evaluated by linear
correlations as well as Bland–Altman analysis to yield
measures of agreement (23).

RESULTS
Technical Aspects
Figure 2 compares anatomic images and phasecontrast maps at peak systole and late diastole for
cine MRI with free breathing and breath holding (top)
and real-time MRI with interleaved and sequential
application of the flow-encoding gradient (bottom). A
dynamic representation of real-time images and
phase-contrast maps for 10 consecutive heartbeats is
shown in Supporting Movie 1.
Cine MRI methods with Cartesian phase encoding
not only required a large FOV to avoid image aliasing,
but also led to residual ghosting artifacts along the
(vertical) phase-encoding direction due to phase errors
from involuntary motions and pulsatile flow. The latter problem is not avoided by breath holding. In contrast, real-time images with radial encoding were free
of such artifacts and exhibited only small residual
streakings in peak systolic phase-contrast maps (Fig.
2, left part). In diastole (Fig. 2, right part) real-time
image quality and definition of the aorta was visually
better than in cine recordings.
In general, quantitative flow assessments using
phase-contrast MRI rely on minimal phase offsets due
to field inhomogeneities and eddy currents (24). In
this study, the mean real-time MRI phase offset values derived from phantom measurements corresponded to 2.9 and 2.4 cm s1 for interleaved and
sequential flow encoding, respectively. These values
were well below the recommended limit of 5% of the
VENC value (25).
The percentage of images that needed manually corrected
segmentations
was
27.4 6 10.5%
and
25.6 6 9.3% for real-time MRI with interleaved and
sequential flow encoding, respectively. Corresponding
values for cine MRI were even higher, yielding
47.3 6 21.1% for breath holding and 38.1 6 14.1% for
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Figure 2. (Left) Peak systolic and (right) diastolic anatomic images and phase-contrast maps (single subject) as obtained by
cine MRI with free breathing (Cine) and breath holding (Cine BH) as well as real-time MRI with interleaved (RT Int) and
sequential (RT Seq) flow encoding.

free breathing. This is partially due to the fact that
diastolic cine images present with poor contrast and
therefore degrade the automated segmentation and
propagation of contours. In line with these findings
the durations needed for the correction of segmentation errors were 9.7 6 4.9 minutes (interleaved) and
9.4 6 5.1 minutes (sequential) for an average of 250
real-time images as well as 1.5 6 0.7 minutes (free
breathing) and 1.4 6 1.3 minutes (breath holding) for
an average of 30 cine images. With respect to individual heartbeats, the mean durations for both real-time
MRI versions reduce to 0.9 6 0.5 minutes, which is
even faster than for cine MRI.
Table 1 summarizes the results for the maximum
mean flow velocities that are spatially averaged over
the lumen of the ascending aorta. No significant differences were observed for real-time vs. cine acquisitions when comparing data for 300 heartbeats (realtime MRI) and 30 synthetic cycles (cine MRI) across
subjects—neither without nor with manual correction.
Even after manual correction, the values for real-time
MRI were almost identical to those obtained for cine

MRI with breath holding, while only minor deviations
(mean bias of 2.6%) occurred for cine MRI studies
with free breathing. On the other hand, when studying the influence of manually corrected segmentations, no significant differences were obtained for cine
MRI, whereas both real-time MRI methods resulted in
slightly but significantly higher values after correction
(paired t-test, P ¼ 0.02).
Aortic Blood Flow
Figure 3 shows the mean flow velocities in the ascending aorta of a single subject for 10 consecutive heartbeats using real-time MRI with interleaved flow
encoding (top trace). The temporal fluctuation of the
maximum velocities for successive cardiac cycles
reflects differences in relation to inspiratory and
expiratory phases of the breathing cycle (19), which in
this example corresponds to 3 to 4 seconds or a rate
of 15 to 20 min1. Although no major velocity differences were seen for interleaved and sequential flow
encoding when combining data from 30 heartbeats
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Table 1
Maximum Spatially Averaged Flow Velocities in the Ascending
Aorta

Cine MRIa
Free Breathing
Cine MRIa
breath holding
Real-time MRIb
interleaved flow encoding
Real-time MRIb
sequential flow encoding

Fully
automated
analysis

After
manual
correction

80.4 6 7.3

80.6 6 7.4

83.0 6 8.7

82.9 6 8.8

80.9 6 10.4

82.8 6 11.2

80.8 6 10.1

82.6 6 11.0

DISCUSSION
This study demonstrates the feasibility of real-time
phase-contrast MRI of blood flow in the ascending
aorta at high spatiotemporal resolution and adequate
image quality. In comparison to conventional cine
phase-contrast MRI with free breathing, real-time MRI
offers a substantial gain in imaging time. Moreover,
quantitative evaluations confirm the ability to obtain
reliable flow parameters. Also, real-time flow MRI
allows for imaging of irregular cardiovascular physiology including the responses to stress and exercise.

Values are given in cm s1 (mean 6 SD) and represent the maximum mean flow velocities averaged over the lumen of the aorta.
a
10 subjects, 3 repetitions.
b
10 subjects, 3 repetitions, 10 heartbeats.

(lower traces), the sequential scheme identifies slightly
negative velocities for a brief period immediately after
systole, at least for a few cardiac cycles.
Figure 4 compares the peak velocities (single voxel)
as obtained for real-time MRI with interleaved and
sequential flow encoding with cine MRI recordings
during free breathing. The latter approach was chosen as an established clinical reference and because
cine MRI with breath holding had lower nominal inplane and temporal resolution. For high peak velocities above 120 cm s1, both real-time MRI methods
resulted in larger values than obtained for cine MRI,
while lower peak velocities were similar. The correlation coefficients for real-time MRI with interleaved
and sequential flow encoding vs. cine MRI were 0.90
and 0.91, respectively. Respective Bland–Altman
plots of peak velocities (Fig. 4, right part) revealed a
bias in peak velocity of about 7 cm s1 for both
real-time MRI methods. The limits of agreement for
cine vs. real-time MRI were 29.2 to 15.5 cm s1 for
interleaved and 28.6 to 14.5 cm s1 for sequential
flow encoding, respectively. The internal robustness
of the real-time MRI versions is well documented by
very similar peak velocities. On the other hand, for
cine MRI it is not clear how to identify the exact contribution responsible for the single peak velocity
value as the acquisition merges data from multiple
heartbeats.
Finally, Fig. 5 depicts the stroke volumes as derived
from real-time MRI and cine MRI during free breathing. Slightly higher values were obtained for real-time
MRI with interleaved flow encoding when compared to
cine MRI. This is also seen in the Bland–Altman plot,
where the differential stroke volume between cine and
real-time MRI vs. the mean stroke volume yielded a
bias of 5.7 mL cycle1 and limits of agreement of
12.5 to 1.1 mL cycle1. On the contrary, real-time
MRI with sequential flow encoding resulted in slightly
lower stroke volumes than cine recordings with a bias
of 3.4 mL cycle1 and limits of agreement of 3.1 to
9.9 mL cycle1. Both correlation coefficients for realtime MRI with interleaved and sequential flow encoding vs. cine MRI were 0.98.

Figure 3. (Top) Mean flow velocities spatially averaged over
the lumen of the ascending aorta (single subject, 10 heartbeats) as obtained by real-time MRI with interleaved flow
encoding. (Middle) Mean velocities for real-time MRI with
interleaved flow encoding (30 heartbeats) sorted according to
the R wave and (bottom) similar data for sequential flow
encoding.
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Figure 4. (Left) Peak velocities for 10 subjects (mean 6 SD) as obtained for real-time MRI (averaged across 30 heartbeats)
with interleaved (RT Int) and sequential (RT Seq) flow encoding vs. cine flow MRI during free breathing (averaged across three
synthetic cycles). (Right) Corresponding Bland–Altman plots of the difference (cine – real-time MRI) in peak velocity. The solid
lines represent mean values of 6.8 cm s1 and 7.0 cm s1 for interleaved and sequential flow encoding, respectively.
Dashed lines refer to 61.96 SD, indicating limits of agreement.

The real-time phase-contrast maps eventually
showed residual streaking artifacts during early systole—probably due to rapid and pronounced contrast
changes. However, the analysis of blood flow in the
aorta was not affected. Another limitation of the proposed real-time phase-contrast MRI technique is its
current lack of general availability. While the acquisition part does not require any hardware modification
of existing MRI systems, sufficiently fast online reconstructions for clinical trials depend on a parallelized
version of the reconstruction algorithm and its implementation on a GPU-equipped computer. Based on
technical progress in our own setting we expect to
achieve real-time reconstruction speed by the end of
2013. A further bottleneck is the availability of postprocessing software for flow analyses that reliably
deals with hundreds of images and phase-contrast
maps from multiple heartbeats. The most difficult
problem seems to arise from the need for a fully automated segmentation of cardiac vessels. Although the
improved quality of diastolic real-time images might
be helpful in this respect, foreseeable mathematical
advances will have to exploit the temporal continuity

of vessel contours to ensure a reliable propagation
without any manual interference.
The evaluated flow values for the ascending aorta
are similar but not entirely identical for real-time and
cine MRI recordings. For example, higher peak velocities for real-time MRI than for cine MRI for high-flow
conditions above 120 cm s1 (Fig. 4) may indeed be
correct, because lower values in cine recordings cannot be excluded to be affected by phase averaging due
to the use of data from multiple heartbeats. True
physiological variations between heartbeats are also
the most likely source for the higher standard deviations observed for real-time MRI peak velocities. These
explanations are further supported by reports that
cine MRI leads to lower peak velocities than observed
by Doppler ultrasound techniques (4), which once
again raises the question about a reliable standard of
reference for in vivo flow measurements. The present
results add further evidence that cine MRI methods
may not be suitable for this purpose.
Another minor though apparently systematic difference was observed for real-time acquisitions with interleaved vs. sequential flow encoding, for example, when
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Figure 5. (Left) Stroke volumes for 10 subjects (mean 6 SD) as obtained for real-time MRI (averaged across 30 heartbeats)
with interleaved (RT Int) and sequential (RT Seq) flow encoding vs. cine flow MRI during free breathing (averaged across three
synthetic cycles). (Right) Corresponding Bland–Altman plots of the difference (cine – real-time MRI) in stroke volume. The
solid lines represent mean values of 5.7 mL and 3.4 mL for interleaved and sequential flow encoding, respectively. Dashed
lines refer to 61.96 SD, indicating limits of agreement.

considering mean stroke volumes. These values represent the flow, which is calculated from the aortic areas
and spatially averaged flow velocities, integrated over
the duration of the cardiac cycle. The physical difference that may explain different mean velocities for
interleaved and sequential flow encoding at any given
timepoint is the actual time span over which the bipolar velocity-encoding gradient is applied to define a
phase-contrast map: In our current implementation
interleaved real-time MRI sequences span a period of
40 msec, while sequential versions require only 20
msec. This is because in the zero-maximum case used
here the other image is without any flow-encoding gradient. Thus, the better temporal resolution for realtime MRI with sequential flow encoding resolves the
brief negative undershoot after systole. This small
backflow is a well-known physiological phenomenon
that is caused by the rapid closure of the aortic valve
and usually not seen for MRI sequences with longer
velocity-encoding periods, including cine techniques.
In conclusion, real-time phase-contrast MRI of cardiovascular blood flow at 40 msec temporal resolution
and 1.3 mm spatial resolution is feasible. In healthy

subjects, the proposed method yields flow velocities
and stroke volumes for individual heartbeats that are
comparable to conventional cine MRI when averaging
over multiple cardiac cycles. Further clinical validation studies are in progress.
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