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Balanced steady-state free precession (SSFP) sequences are
useful in cardiac imaging because they achieve high signal
efficiency and excellent blood–myocardium contrast. Spiral im-
aging enables the efficient acquisition of cardiac images with
reduced flow and motion artifacts. Balanced SSFP has been
combined with spiral imaging for real-time interactive cardiac
MRI. New features of this method to enable scanning in a
clinical setting include short, first-moment nulled spiral trajec-
tories and interactive control over the spatial location of band-
ing artifacts (SSFP-specific signal variations). The feasibility of
spiral balanced SSFP cardiac imaging at 1.5 T is demonstrated.
In observations from over 40 volunteer and patient studies,
spiral balanced SSFP imaging shows significantly improved
contrast compared to spiral gradient-spoiled imaging, produc-
ing better visualization of cardiac function, improved localiza-
tion, and reduced flow artifacts from blood. Magn Reson Med
53:1468–1473, 2005. © 2005 Wiley-Liss, Inc.
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Real-time spiral MRI has proven to be clinically useful for
evaluating cardiac function (1), visualizing cardiac flow
(2), and localizing scan planes for coronary imaging (3).
Spiral acquisitions provide an efficient acquisition of k-
space that has good motion properties as well as some SNR
benefits (4).

Balanced steady-state free precession (SSFP) sequences
(also known as True-FISP, FIESTA, or balanced FFE) are
extremely useful in cardiac imaging because they provide
high SNR and excellent blood–myocardium contrast. Con-
trast is based on T2/T1 resulting in high blood signal (in-
dependent of inflow) and high blood–myocardium con-
trast. Their main limitations are sensitivity to off-reso-
nance, typically requiring an imaging TR of 2 to 6 ms (at
1.5 T), and transient artifacts observed when imaging a
new volume or when objects move into or out of the
imaging volume.

We have developed a real-time interactive pulse se-
quence that combines the imaging efficiency and real-time
capabilities of spiral acquisitions with the SNR and con-
trast benefits of balanced SSFP. Key developments include
the introduction of first-moment nulling to mitigate in-
plane flow artifacts and implementation within a real-time
interactive framework to enable real-time adjustment of
the center frequency (and thus the balanced SSFP signal
profile). Design specifications, in vivo results, and obser-
vations are presented.

THEORY

Balanced SSFP sequences, as well as their signal behavior,
have been studied since well before MRI itself (5). More
recently, balanced SSFP has been enabled by advances in
gradient amplifier strength and speed (6). In balanced
SSFP, the steady-state signal amplitude varies signifi-
cantly with resonant frequency as is well described by
Scheffler and Lehnhardt (7). The magnitude signal consists
of high-signal “passbands” separated by signal nulls that
repeat at a frequency spacing of 1/TR, where TR is the
sequence repetition time. To reduce sensitivity to off-res-
onance effects, it is essential to keep a reasonable passband
bandwidth and thus to keep the TR short.

To maintain the high-SNR-efficiency steady state, the
effect of all gradients over a sequence repetition would
ideally be zero. For stationary tissues, this means that the
gradient area must be zero between excitation pulses. For
moving spins, this also means that higher-order gradient
moments should also be zero between excitation pulses.
Rewinding the gradient zeroth and first moments is suffi-
cient if velocities can be assumed to be constant during a
TR.

METHOD

Experimental Setup

Studies were performed on two GE Signa 1.5-T LX sys-
tems, with gradients capable of 40 mT/m amplitude and
150 T/m/s slew rate and receivers supporting 4-!s sam-
pling ("125 kHz). A 5-inch surface coil was used for signal
reception in all studies. The institutional review board of
Stanford University approved the imaging protocols. Sub-
jects were screened for magnetic resonance imaging risk
factors and provided informed consent in accordance with
institutional policy.

Sequence designs were optimized for this scanner con-
figuration, and in vivo results were acquired on the above-
stated hardware. Generic sequence design methods are
described in the following sections.
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Gradient Design Techniques

Spiral readouts were designed using optimal design tech-
niques and numerical approaches (software available
at http://www-mrsrl.stanford.edu/#brian/vdspiral/). Per-
haps the most important element of the pulse sequence
design was the design of the spiral k-space rewinder,
which returns the spiral scan to the k-space origin. Re-
winding the zeroth moment (or area) is necessary to main-
tain balanced SSFP coherence. However, because of the
significant in-plane motion and flow in cardiac imaging,
moment nulling between RF pulses is also needed to pre-
vent phase-related flow artifacts.

It is possible to first add a zeroth-moment rewinder and
then follow that with a bipolar gradient to compensate the
first moment. However, this would prolong the TR, in-
creasing the sensitivity to banding artifacts and increasing
the sensitivity to higher-order motion as well as reducing
SNR efficiency. A better solution is to design the k-space

rewinder so that it simultaneously compensates the zeroth
and first moments.

The 2D spiral gradients must be “freely rotatable,”
meaning that they can be rotated to any angle without
violating gradient amplitude or slew-rate limits. The in-
plane gradients are referred to as x and y. A quick, but
suboptimal method of designing the rewinder gradients is
to choose some angle $ and limit the x and y gradients
(amplitude and slew-rates) to cos $ and sin $ times the
physical limits. This allows independent design of both x
and y waveforms, which has been solved previously (8)
and is shown in Fig. 1. The design can be repeated for
different $, say 30, 45, and 60°, and the shortest duration
design used. Although this is relatively simple, it is sig-
nificantly slower than the methods described below.

One method for designing shorter rewinders is to first
assume that gradient waveforms will take a certain overall
shape and then to use moment constraints to find the
parameters of this shape. In particular, we make the fol-
lowing assumptions about the shape of the rewinders: (1)
the rewinders will include triangles of alternating polarity,
(2) the vector slew rate magnitude (!dG! /dt!) should be at
the maximum allowed rate to minimize the width of the
triangles, and (3) the x and y rewinders that result will be
about the same length.

Figure 2 shows the assumed shape of the rewinders and
defines the variables used in the design. Prior to designing
the rewinders, the spiral gradients are rotated so that the y
gradient ends with zero amplitude. This results in no loss
of generality and simplifies the design. To make the zeroth
and first moments of the combination of the spiral gradient
and rewinder equal to zero, the moments of the rewinder
must be equal to the negative of the moments of the spiral
readout gradient, using the same time origin.

Assume that the spiral gradients are of duration T and
place the time origin at the end of the spiral readout
gradients. With these assumptions, let the zeroth moment

at the start of the rewinder be M0 ! "
%T

0 G&t'dt and let the

first moment be M1 ! "
%T

0 t G&t'dt. Also, let S be the

maximum allowed rotatable slew rate, defined as 1/#2

FIG. 1. 2D spiral SSFP sequence used in the in vivo studies. Each
TR consisted of a 1.2-ms excitation (640-!s RF) followed by 2.4-ms
spiral readout and 1.4-ms refocusing. The refocusing nulls the ze-
roth and first moments of the gradient waveform for consistent
signal in the presence of in-plane flow. Due to practical limitations,
there was 0.9 ms of dead time for each TR, which may be eliminated
with a more optimized implementation.

FIG. 2. Spiral SSFP gradient waveforms (left) with a k-space rewinder that simultaneously nulls the zeroth and first gradient moments and
corresponding k-space trajectorory (right) including the rewinder. The solid line is the spiral readout, and the dashed line is the rewinder.
Variable definitions for the gradient rewinder design are labeled. The spiral readout gradients are rotated prior to the rewinder design so that
Gy ends at zero amplitude to simplify the design. The time origin is chosen to be the start of the rewinder. The widths of the rewinder gradient
lobes are determined by solving Eqs. [1–4].
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times the maximum gradient amplitude divided by the
minimum rise time to that amplitude.

Once the design problem is constrained in this manner,
it is straightforward to calculate the moments of the re-
winders. For the initial Gx down ramp, M0 ! Gx0 (x1/2 and
M1 ! Gx0 (x1

2 /6. For a triangle of width 2( centered at time
t0 with slew rate S, M0 ! S (2 and M1 ! S (2 t0. We then
add up the appropriate components to calculate the total
moment for each rewinder. To solve the moment-nulling
problem for the x axis, we solve the following pair of
simultaneous polynomial equations for (x2 and (x3, with
(x1 ) Gx0/S:
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For the y axis, we solve the following pair of equations for
(y1 and (y2:
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We then have all of the parameters needed to specify the
rewinders (see Fig. 2). The X-gradient rewinder is deter-
mined by solving Eqs. [1] and [2], while the Y-gradient
rewinder is determined by solving Eqs. [3] and [4]. Each
pair of equations has four analytical solutions, but only
one of those solutions is real and positive in each case. The
solutions were found using the solve routine of the sym-
bolic toolbox of Matlab (Mathworks, Inc., South Natick,
MA, USA). The solutions are too long to include here, but
are readily calculated polynomial expressions. Note that
the equations can also be solved numerically using Mat-
lab’s fsolve routine and that the resulting solution matches
the analytical solution for cases that we tested.

Newly developed time-optimal gradient rewinder de-
sign techniques can be used to further reduce the duration
of the rewinding gradient (9). We compared the two re-
winder design methods described above to the time-opti-
mal solution, using the spiral parameters of Fig. 1. As
shown in Fig. 3, the independent axis method results in a
1.41-ms rewinder; the triangle-wave method results in a
1.05-ms x-axis rewinder and a 0.94-ms y-axis rewinder;
and the time-optimal solution results in a 1.03-ms re-
winder. This comparison illustrates that the assumptions
of the triangle-wave method yield very good, but not quite
optimal, rewinders. The method is useful for scan-time
gradient design because it has an analytical solution,
whereas the time-optimal solution requires more powerful
optimization software. For spiral scans with higher spatial
resolutions that require larger rewinders, the method can
be generalized to include trapezoidal elements.

Figure 4 compares a spiral SSFP image acquired with a
conventional zeroth-moment rewinder with an image ac-

quired using the flow-compensated gradients of Fig. 2.
First moment nulling nearly eliminates the artifacts from
in-plane flow.

Pulse Sequence and Implementation

The imaging pulse sequence (shown in Fig. 1) consisted of
a slice selective excitation followed by an interleaved spi-
ral readout and gradient rewinders. The excitation pulse
had a 640 !s RF, 1.2-ms slice-select gradient, 5-mm slice
thickness, and nominal flip angle of 90°. Spiral interleaves
had 2.4-ms duration and were followed by zeroth and first
moment rewinders occupying 1.4 ms (independent-axis
method). Twenty interleaves were used to achieve 1.8-mm
in-plane resolution over a 20-cm FOV. The imaging TR
was 5.9 ms, producing signal nulls spaced slightly over
180 Hz apart, and temporal resolution of 118 ms. Sliding
window reconstruction was used to display 24 frames/s.

Pulse sequences and image reconstructions were imple-
mented within a custom real-time imaging framework pre-
viously described by Kerr et al. (10). For SNR and contrast
comparisons, real-time spiral gradient echo images were
acquired using a spectral-spatial excitation and 16-ms spi-
ral readouts as described previously (11) (spiral GRE, 30°
flip, 29-ms TR, 4 interleaves, 1.8-mm resolution) to
achieve the same temporal and spatial resolution as the
spiral balanced SSFP sequence.

The literature, as well as our experience, suggests that at
1.5 T, most cardiac views can be achieved with less than
120 Hz of off-resonance across the heart (12). The TR of
5.9 ms and flip angle of 60–90° was used to maximize the
readout duty-cycle and SNR, while maintaining a flat pass-
band of at least 120 Hz.

In order to avoid banding artifacts on a per-slice basis,
real-time phase-cycling was implemented. The applica-

FIG. 3. Flow-compensated gradients designed using three differ-
ent methods (solid ) Gx, dashed ) Gy). Top: The method of Fig. 1,
which rewinds each axis independently. Middle: The triangle-wave
method described by Eqs. [1–4]. Bottom: The time-optimal method
(9). Gray lines indicate the beginning and end of the rewinders. The
three methods result in progressively shorter rewinders of duration
1.41, 1.05, and 1.03 ms.
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tion of a constant phase increment to the RF and DAQ (13)
waveforms produces a frequency shift in the SSFP signal
profile. For example, with a phase increment of 0°, the
signal nulls are at 0 and 166 Hz, and with a phase cycling
increment of 180° (as is standard in balanced SSFP), the
signal nulls are at "83 Hz. A slider was added to the user
interface to allow interactive, real-time adjustment of this
phase increment and hence the passband center fre-
quency.

The primary purpose was to ensure that on a slice-by-
slice basis, images do not contain banding artifacts; how-
ever, rudimentary fat suppression could also be achieved
by adjusting the phase cycling such that fat falls within a
null in the signal profile, as shown in Fig. 5.

In order to achieve volumetric coverage within a breath-
hold for LV function studies, trigger-based slice shifting
was implemented in this system. As described previously
(14), several slice loops may be acquired during consecu-
tive R–R intervals in a breath-hold. In LV function studies,
the phase increment was fixed for each set of slices; how-
ever, if needed, different phase increments could be preset
for each slice. Images were segmented manually using
Matlab.

RESULTS

Results are presented on an exemplary basis. A complete
analysis of SNR, contrast-to-noise ratio (CNR), volumes,
etc., was not performed.

Balanced SSFP versus GRE

Figure 6 contains sample still frames from short-axis and
four-chamber views, comparing the image quality of real-
time spiral SSFP with real-time spiral gradient echo (11) of
identical resolution and scan time. In this representative
example, blood–myocardium CNR in the short-axis view
was 3.93 " 2.92 using real-time spiral GRE and 22.82 "
1.87 using real-time spiral balanced SSFP. The blood–
myocardium contrast of SSFP was qualitatively found to
be stable throughout the cardiac cycle and among different
myocardial segments. The blood–myocardium contrast of
GRE was highly dependent on both cardiac phase and
myocardial segment. This, we expect, is due to inflow
enhancement causing fluctuations in blood signal when
using GRE. The GRE images also contained noticeable
artifacts from in-plane flow (partial saturation), while bal-
anced SSFP images were not adversely affected by such
flow (15). Based on our experience scanning over 40 sub-
jects, the balanced SSFP acquisitions achieve substantially
higher blood–myocardium contrast (roughly 5*) and more
consistent contrast, which allows for improved segmenta-
tion of the LV volume in short-axis views as well as im-
proved visualization of chambers and valve leaflets in
long-axis views.

LV Function

One application of real-time balanced SSFP cardiac imag-
ing is the accurate assessment of ventricular volumes,

FIG. 4. Typical real-time spiral SSFP images ac-
quired with (left) only zeroth moment refocusing
and (right) zeroth and first moment refocusing. No-
tice that first moment nulling nearly eliminates the
artifacts from in-plane flow.

FIG. 5. Real-time spiral SSFP images of a right
coronary artery with different phase-cycling incre-
ments. Rudimentary fat suppression can be
achieved by adjusting phase increment (shifting
the spectral profiles) such that fat (%220 Hz at 1.5
T) falls within an SSFP signal null.
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mass, and function. Blood–myocardium contrast in con-
ventional gradient echo imaging is predominantly from
inflow enhancement, which can cause reduced contrast in
areas of slow flow or in subjects with severe dysfunction.
Balanced SSFP yields an intrinsic blood–myocardium
contrast based on T2/T1 (see Fig. 6) and independent of
inflow. Real-time spiral balanced SSFP’s high temporal
resolution permits the acquisition of volumetric time-re-
solved imaging in a single breath-hold using triggering
(14). Figure 7 contains LV short-axis images from a patient
with low ejection fraction (EF). End-diastolic and end-
systolic frames from eight slices were acquired in a single
6-s breath-hold (100 bpm heart rate). These images were
segmented to yield LV volumes, EF, and mass.

Note that spiral balanced SSFP provides excellent
blood–myocardium contrast, enabling automated segmen-
tation of the endocardial border. Automated segmentation
of the outer LV border is still an area of research, due to the
high signal from epicardial fat and other issues.

Flow Jets

Because all gradients are rewound, spins that have left the
imaging slice after being excited can contribute image
signal for many TR afterward (15). This produces a useful
enhancement when visualizing fast flow, as seen in an
aortic stenosis (AS) patient with a 4.7 m/s flow jet (Fig. 8).
Excellent image quality, visualization of leaflets, and visu-
alization of the flow jet are all achieved in real time using
spiral balanced SSFP.

DISCUSSION

When changing the imaging slice, we observed a transient
signal artifact that lasted about 150 to 210 ms. After im-
plementing the standard “+/2” pulse (16) on each new
scan plane, or after pausing and restarting the scan, the
duration of this transient did not noticeably change. This
was only problematic during triggered LV function stud-
ies, where the trigger delay was set such that the transient
occurred during the least critical portion of the cardiac
cycle.

FIG. 7. Triggered spiral SSFP acquisition in an AS patient with low
EF during one 6-s breath-hold. End-diastolic and end-systolic im-
ages are shown for each of eight short-axis slices spanning the LV.
Based on manual segmentation: EDV ) 181.4 mL, ESV ) 108.8 mL,
EF ) 40%, LV mass ) 199.1 g.

FIG. 6. Short-axis and four-chamber views acquired using real-
time spiral (left) gradient echo and (right) SSFP MRI. SSFP’s high
blood–myocardium contrast and minimal in-plane flow artifacts en-
able easy segmentation of the LV volume.

FIG. 8. Aortic stenosis visualized in real time
using spiral SSFP: (left) valve closed in diastole,
(right) barely open during peak systole.
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Robust fat suppression remains a challenge in real-time
SSFP imaging, especially for the localization and imaging
of coronary arteries. Dixon-based techniques and linear-
combination-based techniques are less attractive because
they substantially increase scan time. Saturation-based
schemes (17) will require repeated saturation and suffer
from transient fat signal. Phase-based separation (18) is
fast, but suffers from partial voluming, which can be sig-
nificant in lower resolution real-time imaging.

Balanced SSFP, in general, provides excellent SNR. In
combination with time-efficient spiral or echo-planar
(19,20) readouts, this produces high-quality real-time im-
ages. Compared to EPI, we expect that spiral images will
have better motion properties when there is motion during
the acquisition window of a single image requiring multi-
ple interleaves. Any off-resonance blurring should be in-
significant in most cases because of the short readout du-
ration.

CONCLUSIONS

We have demonstrated real-time interactive cardiac imag-
ing using spiral balanced SSFP. The resulting images have
improved signal and improved contrast compared to spiral
GRE sequences. Sufficient homogeneity exists at 1.5 T to
image 2D slices with a 5.9-ms TR. Nearly optimal moment-
nulled spiral rewinder gradients can be calculated analyt-
ically and they result in reduced flow artifacts. Spiral
trajectories permit the acquisition of 1.8-mm spatial reso-
lution with 118-ms temporal resolution in real time with-
out undersampling. High blood–myocardium contrast is
achieved, enabling excellent visualization of blood pool,
myocardial wall, and valve leaflet motion.
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