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Introduction

Echocardiography plays an important role in routine 
diagnostics of valvular heart disease (1). Its advantages are 
widespread availability, lack of radiation and multi-local 
performance. On the other hand, limitations are due to 
the need of a suitable acoustic window and the dependence 
on observer experience. Moreover, in contrast to imaging 
modalities such as computed tomography and magnetic 
resonance imaging (MRI), echocardiography does not allow 
for the evaluation of widespread surrounding anatomic 

structures. 
For more than a decade ECG-synchronized cine 

acquisitions of phase-contrast MRI sequences with selective 
encoding of through-plane flow are increasingly used for 
the assessment of cardiac outflow (2-5). In particular, cine 
phase-contrast MRI of cardiac flow has become the “gold 
standard” for functional evaluations of the left and right 
ventricle (6) and an ideal tool for the diagnosis of valvular 
diseases like stenosis, insufficiency or shunts (7).

Recently, technical advances in real-time MRI (8)  
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have been applied to cardiac MRI (9,10) and further 
extended to quantitative phase-contrast MRI of through-
plane flow (11,12). The real-time MRI technique applied 
here emerges as a promising new modality for measuring 
cardiovascular function and flow with high temporal and 
spatial resolution (13). It extends a variety of previous 
trials based on different combinations of echo-planar or 
spiral encoding strategies and parallel imaging techniques 
(14-20), which are restricted by limited spatiotemporal 
resolution and/or low image quality that so far precluded 
clinical acceptance.

The purpose of this pilot study under normal physiologic 
conditions was to assess the quality of real-time blood flow 
measurements (12) in the ascending aorta of healthy young 
volunteers and to compare the results to cine phase-contrast 
MRI and echocardiography.

Materials and methods

Subjects

Aortic blood flow of eight male healthy volunteers 
(24.9±2.0 years, range 22-28 years) was measured by 
MRI and echocardiography in a prospective single-center 
study. The study was approved by the institutional review 
board and written informed consent was obtained before 
MRI and echocardiography. Although one subject had a 
history of diabetes mellitus type 1, see Table 1, there were 
no contraindications for MRI or echocardiography for all 
volunteers. This study was in consent with the Declaration 
of Helsinki.

Magnetic resonance imaging (MRI)

MRI examinations were performed at 3T (Tim Trio, 

Siemens Healthcare, Erlangen, Germany) with use of a 
32-element cardiac coil. MRI-compatible ECG recordings 
were used for cine phase-contrast MRI. For real-time MRI 
the ECG was co-registered and time stamps relative to the 
last R wave were assigned to respective images.

Real-time MRI was based on a highly undersampled 
radial gradient-echo sequence with image reconstruction by 
regularized nonlinear inversion (NLINV) (8). Modifications 
of the original method for anatomic MRI which are required 
for real-time phase-contrast flow MRI (11,12) refer to the use 
of phase-sensitive reconstructions of two series of differently 
flow-encoded images and the calculation of velocity-encoded 
phase-contrast maps without any temporal filter. Under 
these conditions, the temporal fidelity of the iteratively 
estimated images was experimentally validated with the use 
of a specially designed motion phantom covering a range 
of velocities and image acquisition times (21). Excellent 
spatiotemporal acuity even of small and fast moving objects 
was obtained for NLINV reconstructions without post-
processing temporal filter. 

Through-plane flow encoding was accomplished in a 
sequential manner using a bipolar flow-encoding gradient 
in every other image acquisition. The radial fast low-angle 
shot (FLASH) images were obtained from only seven 
spokes (base resolution 144) yielding a total acquisition 
time of 40 ms for one pair of images with and without flow-
encoding gradient. T1-weighted images were acquired with 
repetition time (TR) 2.86 ms, echo time (TE) 1.93 ms, flip 
angle 10°, field of view 192×192 mm2, nominal in-plane 
resolution 1.3×1.3 mm2, slice thickness 6 mm, and VENC 
200 cm s−1. 

Magnitude images and phase-contrast maps were 
reconstructed online with the use of a fully integrated 
“bypass” computer to the host of the MRI system (sysGen/
TYAN Octuple-GPU, 2x Intel Westmere E5620 processor, 
48GB RAM, Sysgen, Bremen, Germany) equipped with 
2×4 graphical processing units (GPUs, GeForce GTX 580, 
NVIDIA, Santa Clara, California, USA). Real-time phase-
contrast MRI data were acquired during free breathing for 
15 s corresponding to about 12 to 15 heartbeats. 

Cine phase-contrast MRI with conventional Cartesian 
phase- and frequency-encoding was performed during 
breath-holding with the following parameters: TR  
46.90 ms, TE 1.92 ms, flip angle 25°, rectangular FOV 
of 320×220 mm2, 1 average, 20 phases, 5 segments, in-
plane resolution 1.7 mm, slice thickness 6 mm, and VENC  
200 cm s−1. GRAPPA was applied with an acceleration factor 
of 2 and 24 central auto-calibration lines. The measuring 

Table 1 Subjects’ characteristics

Parameter Value

Age 24.9±2.0

Weight (kg) 74.4±7.2

Height (cm) 182±7

Body mass index 22.6±2.3

Cardiovascular risk factors n=1*

Gender Male (8/8)

Values represent mean ± SD. *, one subject with diabetes 

mellitus type 1.
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time for cine MRI with breath-holding was 13 s.

MRI flow analyses

Peak flow velocities (PFV) were determined with a 
commercially available software package QFlow (Medis, 
Leiden, The Netherlands). For the analysis of real-time 
image series a prototype version of QFlow supports a 
separate treatment of data from multiple heartbeats. Real-
time evaluations were based on 30 cardiac cycles (three 
scans each providing ten consecutive cardiac cycles) using 
both magnitude images and phase-contrast maps. As shown 
in Figure 1 segmentation of the aorta was accomplished by 
a semi-automatic definition of contours by two observers 
with 3 and 2 years of cardiac MRI experience (A.A.J. and 
J.T.K.). If necessary, contours were manually corrected and 
ambiguities were resolved by consensus. 

Echocardiography 

Echocardiography was performed by one cardiologist with 
28 years of experience (C.U.B.) using a clinically established 
ultrasound system (iE33, Philips, The Netherlands) with 
trans-thoracic CW (Continuous-Wave) Doppler technique. 
The frequency was about 1.8 MHz, and 2D images were 
used for general anatomic orientation and localization of the 
correct measurement. In 7 of 8 volunteers echocardiography 
involved an apical five-chamber view, while one subject 
required a suprasternal view with focus on the aortic 
valve for flow measurement. CW-Doppler velocities were 

analyzed offline using 2D Cardiac Performance Analysis 
(TomTec Imaging System, Munich, Germany). Three 
measurements with three repetitions each resulted in mean 
values for a total of nine heart cycles.

Statistics

Real-time flow MRI measurements were correlated with 
the results of cine MRI and echocardiography using Bland-
Altman plots (22,23).

Results and discussion

In this study of flow in the ascending aorta of healthy young 
adults, real-time phase-contrast MRI at 40 ms temporal 
resolution resulted in PFV that quantitatively agree with 
values obtained by echocardiography and cine MRI. The 
PFV for real-time and cine phase-contrast MRI as well as 
echocardiography are summarized in Table 2. The respective 
mean values are virtually identical for the group of healthy 
young adults studied here. A visual representation of this 
finding is demonstrated in Figure 2. 

On an individual basis, deviations between real-time 
phase-contrast MRI and echocardiography varied between 
–20 and +14 cm s−1 which corresponds to –14 to +16%. 
Respective correlations and Bland-Altman plots are depicted 
in Figure 3. However, such individual deviations are only 
slightly larger than for cine phase-contrast MRI (–12 to 
+12 cm s−1 corresponding to –8 to +14%) and in most cases 
show the same positive or negative trend as demonstrated 

A

B

C D

Figure 1 Analysis of real-time phase-contrast MRI of blood flow in the ascending aorta. (A) Selected magnitude image and (B) 
corresponding phase-contrast map including vessel contours (white) as well as flow velocity profiles (in cm s−1) for (C) a single heartbeat and 
(D) 12 consecutive heartbeats. MRI, magnetic resonance imaging.
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in Table 2 and Figure 3. These observations again pose 
methodologic questions that are difficult to answer. This is 
mainly because of the absence of a true gold standard for  
in vivo flow (i.e., velocity) measurements as most techniques 
have their specific drawbacks and pitfalls. For example, the 
need for a proper acoustic window in echocardiography 
may lower the quality of examinations to such a degree that 
no reliable quantitative values are obtainable. With respect 
to MRI, ECG-synchronized cine acquisitions depend on 
a robust periodicity of cardiac cycles. As a consequence, 
contributions from irregular heartbeats are likely to 
cause phase differences which upon averaging during 
retrospective synthesis of a single-cycle representation 
would affect the velocity-encoded phase information. 
Similar problems may occur when instead of a breath hold 
acquisition the retrospective sorting and averaging of data 

extends over many more heartbeats for a free breathing cine 
phase-contrast method.

In addition to the aforementioned problems, comparisons 
between MRI and ultrasound techniques are further 
complicated by other differences such as, for example, 
the common choice of a position for echocardiography 
close to the aortic valve, whereas MRI studies are typically 
performed in a slightly more ventral section at the level 
of the pulmonary artery. On the other hand, any situation 
that enhances the degree of or exposure to turbulent flow 
would affect all phase-dependent MRI techniques by a 
partial loss of phase coherence which in turn translates into 
lower velocities. This unfortunate situation also applies 
to many literature studies which deal with methodologic 
comparisons for specific groups of patients or pathologies. 
It therefore remains to be seen whether real-time phase-

Table 2 Peak flow velocities (PFV) (cm s−1) in the ascending aorta

Subject Real-time MRI1 Cine MRI2 Echo3 Difference real-time vs. echo Difference cine vs. echo

#1 124 132 144 –20 −12

#2 132 126 136 –4 −10

#3 122 127 132 –10 −5

#4 158 149 151 +7 −2

#5 130 134 126 +4 +8

#6 100 98 86 +14 +12

#7 97 108 114 –17 −8

#8 96 103 106 –10 −3

Mean ± SD 120±20 122±16 124±20 –4.5 −2.5
1, mean values of 30 heartbeats; 2, mean values of three measurements during 13 s of breath holding; 3, mean values of nine  

heartbeats; MRI, magnetic resonance imaging.
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Figure 2 Peak flow velocities (PFV) (cm s−1, mean ± SD, eight subjects) in the ascending aorta as obtained by echocardiography (dark gray), 
cine phase-contrast MRI with breath-holding (gray) and real-time phase-contrast MRI (light gray). For details see text. MRI, magnetic 
resonance imaging.
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Figure 3 Comparison of peak flow velocities (PFV) (cm s−1, mean ± SD, eight subjects) in the ascending aorta for (A,B) real-time 
phase-contrast MRI vs. echocardiography (r=0.84, mean difference =–4.5) and (C,D) cine phase-contrast MRI with breath-holding vs. 
echocardiography (r=0.93, mean difference =–2.3). MRI, magnetic resonance imaging.
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contrast MRI still behaves similar to echocardiography 
when, for example, studying blood flow in patients with 
aortic valve stenosis. 

Conclusions

Real-time phase-contrast MRI of through-plane flow in 
the ascending aorta resulted in a quantitative agreement 
with both conventional cine phase-contrast MRI and 
echocardiography. While real-time PFV in a group of 
healthy young adults were lower to echocardiography by 
only about 3% when averaged across subjects, maximum 
differences in individual subjects were up to ±15%. The 
present work demonstrates that real-time phase-contrast 
MRI promises robust measurements of cardiac outflow 
even in situations where echocardiography suffers from 
an improper acoustic window or ECG-synchronized cine 
MRI is compromised by irregular heartbeats. In fact, real-
time phase-contrast MRI offers access to flow in individual 
cardiac cycles and therefore may be applied to monitor 

the immediate physiologic responses to stress or exercise. 
Extended patient studies are now warranted to investigate 
its performance for different vascular or structural 
pathologies, in particular for situations with increased 
turbulent flow. 
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