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Abstract

Purpose: To test whether a 3D imaging sequence with phase contrast
(PC) velocity encoding based on steady-state free precession (SSFP)
improves 3D velocity quantification in the heart compared to the cur-
rently available gradient echo (GE) approach.
Materials and Methods: The 3D PC-SSFP sequence with 1D velocity
encoding was compared at the mitral valve in 12 healthy subjects
with 3D PC-GE at 1.5T. Velocity measurements, velocity-to-noise-
ratio efficiency (VNReff), intra- and interobserver variability of area
and velocity measurements, contrast-to-noise-ratio (CNR), and arti-
fact sensitivity were evaluated in both long- and short-axis orienta-
tion.
Results: Descending aorta mean and peak velocities correlated well
(r2=0.79 and 0.93) between 3D PC-SSFP and 3D PC-GE. At the mi-
tral valve, mean velocity correlation was moderate (r2=0.70 short
axis, 0.56 long axis) and peak velocity showed good correlation
(r2=0.94 short axis, 0.81 long axis). In some cases VNReff was higher,
in others lesser, depending on slab orientation and cardiac phase.
Intra- and interobserver variability was generally better for 3D PC-
SSFP. CNR improved significantly, especially at end systole. Artifact
levels did not increase.
Conclusion: 3D SSFP velocity quantification was successfully tested
in the heart. Blood-myocardium contrast improved significantly, re-
sulting in more reproducible velocity measurements for 3D PC-SSFP
at 1.5T.
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3.1 Introduction

Blood flow velocity measurement with phase-contrast magnetic reso-
nance imaging (MRI) is a valuable tool used, for example, in cardi-
ology. Flow measurements through the large vessels and heart valves
can be useful for monitoring disease progression. Mitral valve re-
gurgitation is an important risk factor for the development of heart
failure; therefore, accurate measurements of the regurgitant fraction
might help clinical decisions about treatment [1, 2].

In direct quantification of the regurgitant volume flow at the mi-
tral valve, two specific issues play a role: movement of the valvular
plane, for which correction is needed, and signal voids in the case of
regurgitant jets [1, 3]. The use of moving slice imaging [4] handles
the first issue, but not the second. The control volume approach [5]
is a solution that could compensate for both of these issues. In this
approach a control surface is drawn at the ventricular side of the re-
gurgitant orifice. In every cardiac phase the control surface moves
along with the mitral valve. The blood volume flowing perpendic-
ular through this surface equals the mitral volume flow. However,
this method requires a 3D acquisition with three-directional velocity
encoding.

Velocity encoding is generally widely available with a spoiled gra-
dient echo (GE) sequence [6–8]. Due to the short TRs used for fast
imaging, in combination with the applied excitation angles, the sig-
nal is generally strongly dependent on the blood inflow [9, 10]. In
3D imaging, however, depending on the size and orientation of the
volume relative to the heart and large vessels, blood-myocardium con-
trast can be considerably reduced [11, 12]. Especially during systole,
when the mitral valve is closed, the contrast between blood and my-
ocardium can drop significantly due to limited inflow. This makes
it difficult to recognize and delineate the anatomy [13, 14]; in par-
ticular, it is more difficult to assess valvular plane motion, especially
in systole, in cases of mitral regurgitation evaluation. Therefore, the
control volume approach does not work well with 3D phase contrast
(PC) GE images.

Better contrast is expected from a steady-state free precession
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(SSFP) sequence [13]. The signal intensity of this sequence basically
depends on the ratio of the T2 and T1 relaxation times, and the im-
age contrast is less dependent on inflow, size, and orientation of the
imaging volume. For cine imaging it has been shown that SSFP has
better signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR)
than spoiled GE in both 2D [11, 13] and 3D [12]. Phase contrast mea-
surements using an SSFP sequence are still under research and have
been reported for cardiac 2D acquisitions [15–17] and in the brain for
3D acquisitions [18]. From the three reported cardiac sequences, the
one by Markl et al. [15] is, due to its intrinsic velocity encoding using
the slice selection gradient, not suitable for extension to 3D imaging
with three-directional velocity encoding. Using this method, the in-
crease in TR would affect temporal resolution and artifact sensitivity,
as was pointed out by Santini et al. [18]. The method proposed by Pai
[17] is not suitable due to its sensitivity to artifacts [19]. Therefore, we
have chosen to use the PC technique described by Overall et al. [16].
The extension to a 3D sequence with 3D velocity encoding is rela-
tively straightforward for this method. In this study we implemented
1D velocity encoding in a 3D SSFP sequence on a 1.5T scanner. The
3D PC-SSFP sequence was evaluated against the currently available
3D PC-GE on velocity quantification at the mitral valve level. This
comparison will make clear which of these 3D phase contrast methods
is best suitable for use with the control volume approach.

3.2 Materials and Methods

Sequence

The 3D PC-SSFP sequence is based on a regular 3D SSFP gradient
scheme with velocity encoding as introduced for 2D by Overall et al.
[16]. After the readout a bipolar velocity-encoding pulse was placed
on the slice-selection or read-out axis for through-plane or in-plane
velocity encoding, respectively (Figure 3.1). To keep the two steady
states for phase contrast imaging as similar as possible, the polarity
of the bipolar pulses was alternated at each cardiac trigger for phase
subtraction. In PC-GE the relation between image phase and veloc-
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Figure 3.1: The 3D PC-SSFP sequence. The bipolar velocity encoding
pulse can be placed on the slice-selection (SS) or on the read-out (RO)
axis, for through-plane and in-plane velocity encoding, respectively.
The sequence uses positive and negative velocity encoding ( ). The
different imaging encoding steps are shown by ( ).

ity is linear for all phase angles. In PC-SSFP, the linear relationship
between image phase and velocity is valid only over a finite range of
phase angles. The largest velocity that can be measured in the lin-
ear range, is indicated by vmax, and is assumed to be ±venc/2. This
is caused by offresonance effects in SSFP in combination with some
variation of BO within the volume of interest (a more detailed expla-
nation is provided by Overall et al. [16]). Because of the symmetry
around the magnetization x-axis in the steady state, the signal phase
(the angle between the magnetization and the x-axis) is only half the
total velocity-induced phase. This phenomenon is referred to as the
slope-1/2 approximation (a more detailed explanation is provided by
Overall et al. [16]).

In this study 1D velocity encoding was used to keep acquisition
times short enough to apply multiple comparisons in one subject.
With the same principle 3D velocity encoding could be applied.

The 3D PC-SSFP sequence was implemented on a 1.5T scanner
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(Magnetom Sonata, Siemens, Erlangen, Germany) with a gradient
performance of 40 mT/m and 200 T/m·s.

In Vitro Measurements

The velocity quantification of the sequence was tested in a custom-
made flow phantom. The phantom consisted of a Perspex cube with
15-cm-long edges, filled with stationary fluid. Inside the cube, fluid
flowed through a tube with a diameter of 4.15 mm. The flow circuit
was driven by a rotary vane pump (Procon, Murfreesboro TN), creat-
ing a steady flow. A float displacement volume flow meter (Brooksme-
ter model 1307, Brooks Instrument, the Netherlands) was mounted in
the flow circuit and was calibrated for the actual viscosity of the phan-
tom fluid. This setup could generate volume flow rates ranging up to
1.5 L/min (cross-sectional average velocity: 185 cm/s). The phantom
fluid consisted of water with 0.9 mass percent NaCl for coil load-
ing and 0.05 mmol/L MnCl2 to lower relaxation times (T1/T2/T2*
1505/204/198 msec, experimentally determined). To get a fluid vis-
cosity comparable to blood (≈ 3.5 mPa·s in the normal population
[20]), methylcellulose (4000 cP 0.2 vol%) was added, resulting in a
viscosity of 4 mPa·s. Measurements were performed at 14 different
volume flow rates. PC-SSFP sequence parameters were: spatial res-
olution 1.3× 1.3× 8 mm3 matrix 128× 128× 8, field of view (FOV)
162 × 162 × 64 mm3, vmax 150 cm/s, TR 4.3 msec, TE 1.76 msec,
excitation angle 50◦, bandwidth (BW) 1502 Hz/pix, and the body
coil for RF receiving. PC-GE used venc 150 cm/s, TR 11 msec, TE
6.4 msec, excitation angle 20◦, BW 190 Hz/pix; all other parameters
were equal to those used in PC-SSFP.

In Vivo Measurements

The mitral valves of 12 healthy volunteers (six male, age 22±4 years)
were scanned with 3D PC-SSFP. Not all measurements were per-
formed in all subjects due to local scanner time constraints. The
study was approved by the local ethics committee and all subjects
gave written informed consent. As direction of flow influences inflow
enhancement and artifact sensitivity, the mitral valve was imaged in
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two orientations: long axis and short axis, with in-plane and through-
plane velocity sensitivity, respectively (Figure 3.2, top row). The
same measurements were also performed using a conventional phase
contrast spoiled gradient echo (3D PC-GE) [21–23]. Imaging param-
eters for both sequences were: spatial resolution 1.8 × 1.8 × 8 mm3,
matrix 192 × 132 × 8, FOV 340 × 234 × 64 mm3, prospective ECG
gating, phased-array receiver coil, no parallel imaging. For PC-SSFP
the settings were: TR 4.3 msec, TE 1.7 msec, 5 phase encoding steps
per heartbeat, excitation angle 50◦, BW 1530 Hz/pix, vmax 150 cm/s,
temporal resolution 21.5 msec, and a locally adjusted shim; result-
ing in an acquisition time of 7 minutes at a heart rate of 60 beats
per minute. For PC-GE the settings were: TR 11 msec, TE 6.6
msec, 1 phase encoding step per heartbeat, excitation angle 20◦, BW
190 Hz/pix, venc 150 cm/s, and temporal resolution 22 msec; result-
ing in an acquisition time of 18 minutes at a heart rate of 60 beats
per minute. Imaging was performed as the subjects breathed freely.
PC-SSFP excitation angle was maximized to obtain optimal SNR,
but was restricted by radiofrequency (RF) power amplifier, and at
slightly higher excitation angles SAR limits would have been a lim-
itation as well. These limitations are similar to those described in
the literature [24, 25], with similar resulting excitation angles. The
excitation angle of the PC-GE protocol was chosen similar to values
reported in the literature [26, 27].

Data Analysis and Statistics

Flow Phantom

Cross-sectionally averaged velocity in the tube was measured in the
3D PC-SSFP and 3D PC-GE images using commercial software (Mass,
Medis, Leiden, the Netherlands). Regions of interest (ROIs) were
drawn with an area matching the known tube diameter to limit par-
tial volume errors. Velocity offset was corrected by fitting a surface
through the time average of stationary pixels of the phase images [28];
this was also done for the in vivo images. The measured velocities
were then compared with velocities calculated from the volume flow
meter readings. The validity of velocity measurements was tested by
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Figure 3.2: Top row: orientations of long-axis (left) and short-axis
(right) volumes presented on a four chamber image. Bottom row:
ROIs for velocity quantification in the middle slice of the 3D dataset
(slice 4 or 5 of 8). Left: longaxis orientation with the line ROI for
velocity at the mitral valve level and an ROI in the descending aorta
for velocity validation. Right: short-axis orientation with ROI for
velocity at the mitral valve level.

comparing the slope and intercept outcomes of linear regression with
the line of identity.

Flow In Vivo

For further evaluation of the sequence, velocity measurements were
performed in the descending aorta, which is imaged in the long-axis
acquisitions. The descending aorta was chosen because of its uncom-
plicated anatomy and blood flow compared to the mitral valve. This
makes the evaluation of the SSFP sequence in vivo less sensitive to
contour drawing. ROIs covering the full cross-section of the descend-
ing aorta in all cardiac phases were drawn on the magnitude images
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of a central slice of the 3D image set (Figure 3.2) using commercial
software (Mass, Medis). The mean velocity in the ROI was then
calculated for each cardiac phase. Next, the mean velocity over the
whole cardiac cycle and the peak velocity were compared between 3D
PC-SSFP and 3D PC-GE using a paired Students t-test and linear
regression analysis. Velocity of blood flow through the mitral valve
was compared in a similar way. ROIs were drawn in one of the middle
slices from the 3D image set at the location of the mitral valvular an-
nulus; in short-axis images by a circular shape, in long-axis images by
a line (Figure 3.2). Subsequently, cross-sectional averaged velocities
or line averaged values were determined. All image sets were analyzed
twice by two observers. Analyses were performed in random order,
with several days to weeks between the repeated analysis of the same
dataset. Using the average result of the two analyses of each observer,
the mean velocity over the cardiac cycle and peak velocity within the
cardiac cycle were compared between the two sequences by a paired
Students t-test and linear regression analysis. Reproducibility of each
sequence was assessed by BlandAltman intra- and interobserver anal-
yses of the average and peak velocities and short axis area. For the
interobserver study the averaged results of the repeated analysis by
each observer were used.

VNR and CNR

VNR and CNR calculations were based on signal magnitude mea-
surements. Signal magnitude of blood was measured from an ROI in
the left ventricle close to the mitral valve. Myocardial signal magni-
tude was measured in the muscle at the free wall of the left ventricle.
Noise was measured as the standard deviation of signal magnitude in
air outside the subject. A factor of 0.70 was applied to correct for
noise measured in magnitude images from multiple receivers [29]. As
signal magnitude is expected to depend on inflow, signal magnitudes
were measured at two instances; in midsystole and at peak inflow
in diastole. Mid-systole (in milliseconds) was defined as 273−1.05×
heart rate (beats/min) [24], and the averages of five cardiac phases
around this timepoint were taken. The diastolic value was determined
as the average of three phases around the peak in blood signal magni-
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tude shortly after end-systole. Signal magnitude measurements were
performed using commercial software (Mass, Medis).

The velocity-to-noise ratio (VNR) is indicated by the following
relations [16, 30]:

V NRGE =
√
2 · SNR · γ · 2 ·m1,GE · venc (3.1)

V NRSSFP =
√
2 · SNR · γ · 2 ·m1,SSFP · vmax (3.2)

with SNR the signal-to-noise ratio in the magnitude image, γ the gy-
romagnetic ratio, m1 the first gradient moment, and v the maximum
velocity that can be reliably measured. The

√
2 is introduced by tak-

ing the phase difference. While the VNR differs by this factor
√
2

from the phase-to-noise ratio as defined by Overall et al. [16], VNR
gives an absolute number that better represents the actual velocity
map. The VNR of SSFP differs from the VNR of GE by a factor
of 2, due to the slope-1/2 approximation. Consequently, the SNR
of PC-SSFP has to be twice as high as for PC-GE in order to ob-
tain equal VNR. VNR efficiency (VNReff) was defined as the VNR
divided by the square root of scan time. CNR was defined as the
signal magnitude difference between blood and myocardium divided
by the noise level. Differences in VNReff and CNR between the two
sequences were tested with the paired Students t-test.

Artifacts

Artifacts located at the ROI, eg, around the mitral valve, were vi-
sually scored on their severity on a 4-point scale from absent (0) to
severe (3). All time series were scored three times in random or-
der and an average score was used for comparative analysis by the
Wilcoxon signed rank sum test.

3.3 Results

Sequence Testing

In vitro average velocities measured in the 3D PC-SSFP velocity maps
were plotted against velocities calculated from the volume flow meter
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Figure 3.3: In vitro comparison: cross-sectional averaged velocity
measured with 3D PC-SSFP against flow meter readings. Data were
consistent with the line of identity (slope 0.98 P=0.39, offset 0.03
m/s P=0.1), and the residual error was small (RMS 0.06 m/s).

measurements (Figure 3.3). Measurements showed agreement with
the flow meter readings; data were consistent with the line of identity
(slope 0.98 P=0.39, offset 0.03 m/s P=0.1); and the residual error
was small (RMS 0.06 m/s). 3D PC-SSFP data also showed a high
correlation with 3D PC-GE data (r2=0.99) and the line of regression
was not significantly different from the line of identity (slope 1.06
P=0.20).

In vivo testing of blood velocities in the descending aorta in the
long axis images was performed in eight subjects. Due to the long
durations of the sequences, not all acquisitions were successfully com-
pleted in every subject, and one subject had no clear segment of the
descending aorta running through the long axis mitral valve slab.
Mean and peak velocities were compared between 3D PC-SSFP and
3D PC-GE (Figure 3.4). Both measures correlated well, with mean
velocity r2=0.79 and peak velocity r2=0.93. Mean velocity showed a
small significant bias of 0.91 cm/s (P=0.02).
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Figure 3.4: Velocity validation measurements in the descending aorta.
Both mean and peak velocity correlated well between the two methods
(respectively, r2=0.79 and r2=0.93), mean velocity showed a small
bias of 0.91 cm/s.

Mitral Valve Imaging

Figure 3.5 shows typical long-axis images of the left atrium and ven-
tricle as acquired with 3D PC-SSFP and 3D PC-GE. The lack of
contrast, which was the initial problem, was evident in the 3D PC-
GE images. At mid-systole (mitral valve closed), the border between
the blood pool, and the myocardial wall showed almost no contrast,
due to the absence of inflow of unsaturated spins (Figure 3.5, bottom
left), while a distinct border was visible in the 3D PC-SSFP images
(Figure 3.5, top left). These findings were confirmed by CNR mea-
surements (Table 3.1). Both long-axis and short-axis systolic CNR
values of 3D PC-SSFP were significantly higher compared to those for
3D PC-GE, except for short-axis diastolic images, where 3D PC-GE
benefits maximally from inflow enhancement.

Velocity phase images of both sequences are also shown in Figure
3.5. These reflect a lower phase signal, a consequence of venc that was
twice as high, as explained in Materials and Methods. This lower sen-
sitivity could only be partially compensated for by the higher SNR of
the SSFP, resulting in a VNR that was lower for 3D PC-SSFP except
for the long-axis systolic data, where no difference was found (Ta-
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Figure 3.5: Typical 3D PCSSFP and 3D PC-GE long-axis images of
the left atrium and ventricle (slice 4 of 8), in midsystole (200 msec
after R peak) and at peak inflow in diastole (450 msec after R peak).
3D PC-SSFP magnitude images show better contrast than 3D PC-GE.
Phase images of the SSFP show half the phase signal as a consequence
of the method.

ble 3.1). However, 3D PC-SSFP used considerably shorter scantime,
therefore VNR corrected for acquisition time, VNReff, shows a more
balanced picture. Long-axis systole was now significantly improved
for PC-SSFP, short-axis systole, and long-axis diastole showed no
difference. Only short-axis diastole, where 3D PC-GE benefits maxi-
mally from inflow enhancement, had a lower VNReff (see Table 3.1).

Velocities at the level of the mitral valve were measured in nine
subjects in long-axis orientation and in 10 subjects in short-axis orien-
tation (Figure 3.6). Linear regression of the measurements showed no
significant difference from the line of identity. However, mean veloc-
ity showed a poor correlation between 3D PC-SSFP and 3D PC-GE;
the correlation in short axis was r2=0.70 and in long axis r2=0.56. In
contrast to mean velocity, peak velocity showed a good correlation;
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Table 3.1: Left ventricle CNR, VNR, and VNReff values of 3D PC-
SSFP compared to 3D PC-GE during systole, 3D PC-SSFP showed a
significant improvement in CNR value. Note the low CNR values in
3D PC-GE for both orientations. In short-axis diastole, when 3D PC-
GE benefits maximally from inflow enhancement, the improvement by
the 3D PC-SSFP technique was no longer significant. VNR values
were worse in 3D PC-SSFP, but after correction for acquisition time
(VNReff) both sequences have approximately similar values.

3D PC-SSFP 3D PC-GE P

CNR short axis systole 3.3 0.9 <0.01
diastole 5.0 4.3 0.10

long axis systole 3.4 0.0 <0.01
diastole 4.4 2.9 <0.01

VNR short axis systole 10.5 14.7 0.02
diastole 14.2 27.7 <0.01

long axis systole 11.0 10.6 0.70
diastole 13.3 20.7 0.01

VNReff short axis systole 4.6 4.4 0.20
diastole 6.2 8.3 0.02

long axis systole 5.3 3.2 <0.01
diastole 6.4 6.2 0.80

r2=0.94 and r2=0.81, for short and long axis, respectively. The low
correlations in mean flow could not be explained by errors due to
VNR values. Errors due to VNR constituted only 1% and 10% (short
and long axis) of the residual variance in the correlation. BlandAlt-
man analysis of intra- and interobserver variability showed that 3D
PC-GE had generally a lower repeatability than 3D PC-SSFP. The
BlandAltman plots of observer 1 are shown in Figure 3.7. The limits
of repeatability estimated by the intra- and interobserver analyses are
reported in Table 3.2.

The artifacts in the magnitude images were visually scored as
follows for: short-axis 3D PC-SSFP, 1.6; 3D PC-GE, 1.8; long-axis
scores were both 1.3. There were no significant differences between 3D
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Figure 3.6: Velocity at the mitral valve level com-
pared for both sequences, example from observer 1.
Linear regression showed no significant difference
from the line of identity; however, mean velocity
showed poor correlation between the two methods;
short-axis r2=0.70 and long-axis r2=0.56. Data
of peak velocity had a good correlation: short-axis
r2=0.94 and long-axis r2=0.81.

r Long Axis
u Short Axis

Identity
.

PC-SSFP and 3D PC-GE (short axis P=0.44, long axis P=0.81). The
nature of the artifacts appeared to be somewhat different between the
two sequences; however, 3D PC-SSFP had more flow artifacts whereas
3D PC-GE had more breathing artifacts (ghosting from subcutaneous
fat in the chest wall).

3.4 Discussion

This study shows the feasibility of the combination of PC and a 3D
SSFP sequence in the heart. After in vitro and in vivo testing, mitral
valve imaging using this sequence was compared with the currently
available sequence (3D PC-GE).

In vitro velocity measurements matched well with the regular flow
meters and with 3D PC-GE measurements. In vivo measurements
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Figure 3.7: Bland-Altman plot on the intraobserver
(obs. 1) repeatability of the velocity analysis. In all
cases the repeatability of mean and peak velocity in
both long- and short-axis orientation was lower in
the 3D PC-GE data compared to the 3D PC-SSFP
data.
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Table 3.2: Limits of agreement for intra- and interobserver variabil-
ity of both velocity and area measurements. 3D PC-GE limits are
generally higher than those of 3D PC-SSFP.

Limits of Agreement
3D PC-SSFP 3D PC-GE

velocities short axis average observer 1 0.7 1.3
(cm/s) observer 2 0.6 1.1

observer 1 vs. 2 0.8 1.0
peak observer 1 1.2 4.3

observer 2 3.1 4.0
observer 1 vs. 2 4.2 4.8

long axis average observer 1 1.3 2.2
observer 2 1.1 2.7
observer 1 vs. 2 2.4 1.9

peak observer 1 2.2 2.9
observer 2 3.2 4.1
observer 1 vs. 2 6.1 7.3

area short axis observer 1 1.3 1.3
(cm2) observer 2 1.3 3.9

observer 1 vs. 2 2.3 6.5

showed a small but significant bias with 3D PC-GE. Overall et al.
[16] reported a 10-20% bias between PC-SSFP and PCGE. They ar-
gued, with reference to a study by Summers et al. [31], that the bias
was probably due to an underestimation of velocity by PC-GE. Their
findings match our results in vivo, but not with our in vitro measure-
ments. The cause of this difference should be investigated further.

Mitral valve imaging using 3D PC-SSFP showed good results.
CNR improved significantly, as expected with an SSFP sequence
[11, 13, 32]. VNR of 3D PC-SSFP was not as good as 3D PC-GE,
except during systole in long-axis orientation, due to the higher venc
necessary for PC-SSFP. As a result of the shorter TR of 3D PC-SSFP,
the scan duration was shorter and VNReff was more or less similar in
all the sequences.

At the mitral valve level, peak velocity measurements showed a
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good correlation with 3D PC-GE, whereas mean velocity showed only
a moderate correlation. Nevertheless, the correlation of the mean and
peak velocity in the descending aorta was good, and the repeatability
of 3D PC-SSFP was generally better than 3D PC-GE. Therefore, the
moderate correlation between SSFP and GE at mean velocity through
the mitral valve is not expected to be introduced by inaccuracies of
the SSFP sequence itself. Using the VNR values it was shown that
the statistical noise from the MR signal itself did not explain the
above-mentioned moderate correlation.

The limits of agreement of repeated 3D PC-SSFP measurements
were lower than the limits of agreement of repeated 3D PC-GE mea-
surements of both intraobserver and interobserver studies on long-
and short-axis mean and peak velocities and on short-axis area. As
follows from these results, the poor repeatability of 3D PC-GE can
more likely be explained by the limited CNR, as reliable contour draw-
ing depends on image contrast. Based on these repeatability results,
we think that the gain in CNR outweighs the reduction in absolute
VNR.

Artifact sensitivity did not increase in the SSFP technique com-
pared to GE imaging. The known artifacts in SSFP imaging due
to high through-plane flow in 2D imaging are reduced in 3D imaging
[27, 28]. However, breathing artifacts in 3D PC-GE are expected to be
reduced when retrospective gating [33] is applied instead of prospec-
tive gating due to the more constant signal of subcutaneous fat in
the chest wall throughout the cardiac cycle [34]. In contrast, flow
artifacts in 3D PC-SSFP are less likely to be altered by retrospective
triggering.

Working toward mitral valve flow quantification, a full 7D (3D
spatial, 3D flow and time) acquisition would be the next step [5]. For
this study we used only one direction of velocity sensitivity because
we wanted to make multiple comparisons, which would not be pos-
sible with the longer acquisition times of a 7D approach. The 3D
PC-SSFP allows the use of the minimal TR, whereas for GE a higher
TR had to be chosen to enable some inflow enhancement, resulting
in a reduction of acquisition time for 3D PC-SSFP. Parallel imaging
techniques, such as k-t BLAST and k-t SENSE [35], are interest-
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ing options for the further reduction of acquisition times. Another
necessity for accurate flow quantification through the mitral valve,
especially in cases of mitral regurgitation, is full coverage of the dias-
tolic phase. This requires the implementation of retrospective cardiac
gating [29].

There are also some specific issues to be addressed in the quest for
mitral valve flow quantification. In patients with mitral insufficiency,
high-velocity regurgitation jets are often observed [1, 16], introducing
another technical challenge. Artifact behavior of 3D PC-SSFP in the
presence of regurgitation jets is hard to predict, but might be an issue
[16, 36, 37]. As the phase-velocity behavior of the 3D PC-SSFP se-
quence is only linear over a finite range [16], velocity unwrapping [38]
as might occur in high velocity jets is not straightforward. Further
research on patients with mitral insufficiency is desired. The range of
linearity is influenced by the shim [16], but this was not specifically
investigated in this study.

Although this study was directed at mitral flow quantification, the
lack of contrast in 3D PC-GE applies in general to the whole heart
[9, 10]. The results of this study, ie, the gain in CNR, are in line with
the well-known advantages of regular (non-PC) SSFP sequences in
the heart [11, 13]. Therefore, it is likely that the results of this study
can be applied to a broader view, beyond the mitral valve alone.
The sequence might very well be used for other flow quantification
purposes in the heart. In locations where there is enough inflow of
unsaturated spins, such as the aorta, the gain in CNR is not expected
to be significant [19, 39, 40].

In conclusion, this study showed the successful implementation
of a 3D velocity quantification sequence: 3D PC-SSFP. Mitral valve
images demonstrated significant improvement in blood-myocardium
contrast, and velocity measurements showed better reproducibility
with 3D PC-SSFP.
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