
Technical Note

Improved Coronary MR Angiography Using
Wideband Steady State Free Precession at
3 Tesla With Sub-millimeter Resolution
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Purpose: To suppress off-resonance artifacts in coronary
artery imaging at 3 Tesla (T), and therefore improve spa-
tial resolution.

Materials and Methods: Wideband steady state free pre-
cession (SSFP) sequences use an oscillating steady state
to reduce banding artifacts. Coronary artery images were
obtained at 3T using three-dimensional navigated gradi-
ent echo, balanced SSFP, and wideband SSFP sequences.

Results: The highest in-plane resolution of left coronary
artery images was 0.68 mm in the frequency-encoding
direction. Wideband SSFP produced an average SNR effi-
ciency of 70% relative to conventional balanced SSFP and
suppressed off-resonance artifacts.

Conclusion: Wideband SSFP was found to be a promising
approach for obtaining noncontrast, high-resolution coro-
nary artery images at 3 Tesla with reliable image quality.
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CORONARY ARTERY DISEASE is the leading cause of
death in the Western world, and is responsible for
approximately 450,000 deaths per year in the United
States (1). For this reason, imaging of the coronary ar-
tery lumen (particularly lumenal narrowing) is one of
the most critical applications of medical imaging.

Compared with the current gold standard X-ray angi-
ography, and emerging multi-slice computed tomogra-
phy, coronary imaging with MR has the advantages of
being noninvasive and involving no ionizing radiation.
The most widely used MR coronary imaging protocols
are based on segmented three-dimensional (3D) Fou-
rier transform gradient acquisitions with cardiac
gating and respiratory navigation, and have proved
useful for the diagnosis of proximal disease and coro-
naries with anomalous origin (2). Reliable imaging of
distal coronary segments remains an open problem,
and may become possible with improvements in sig-
nal-to-noise ratio (SNR), contrast-to-noise ratio (CNR),
and spatial resolution.

At 1.5 Tesla (T), balanced steady state free preces-
sion (SSFP, also known as True-FISP, FIESTA, or
Balanced-FFE) imaging has been shown to provide
significantly superior SNR and CNR compared with
gradient echo sequences (3), and may alleviate the
need for contrast agents as in the widely used slow-
injection gradient echo imaging method (4). High-field
MRI platforms can also lead to improved SNR, which
is roughly proportional to the static magnetic field
strength. In experimental coronary MR angiography
studies, patient blood SNR using gradient echo
sequences at 3T has been measured to be 30% higher
than at 1.5T (5), and SSFP blood SNR at 3T has been
measured to be 53% higher than at 1.5T (6).

The combination of SSFP and 3T has been used to
generate coronary artery images with higher SNR and
blood–myocardium CNR compared with 1.5T (7). How-
ever, SSFP imaging suffers from sensitivity to B0 inho-
mogeneity (8–11). Susceptibility-induced resonance
frequency shifts increase linearly with magnetic field
strength and generate greater off-resonance artifact at
higher B0 field strengths, resulting in degradation of
SSFP image quality. This sensitivity is also propor-
tional to the imaging repetition time (TR). To prevent
off-resonance banding artifacts in SSFP imaging, the
readout length must be constrained to maintain a
short TR. Robust cardiac MRI at 3T demands an
imaging bandwidth of 250 to 300 Hz to cover the
range of resonance offsets across the human heart,
which requires a TR no longer than 3.3 to 4 ms using
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conventional SSFP (12). For diagnostic-quality coro-
nary artery imaging, sub-millimeter resolution is
essential. The need for a short TR limits the usable
readout duration given the gradient hardware limita-
tions on commercial systems, and makes it difficult to
achieve sub-millimeter resolution, thereby limiting the
diagnostic value of resulting coronary artery images.

Alternating TR (ATR) methods have been recently
developed as a means for modifying the spectral
response of SSFP. This approach can be used with
specific TR combinations and corresponding phase
cycling to achieve fat suppression (13), or with 0-p
phase cycling to widen the band spacing and relax
the TR limitation (14). The latter approach, called
wideband SSFP, allows for a flexible trade-off of the
high SNR of 3T SSFP for increased band spacing in
the spectral response of the sequence. It has been
previously shown that, compared with conventional
SSFP, wideband SSFP can suppress off-resonance
related banding artifacts in steady-state cardiac imag-
ing for a given spatial resolution (15). For a specific
band spacing requirement, wideband SSFP increases
the possible TR and thus the available readout dura-
tion, which improves the achievable spatial
resolution.

In this work, we present the design and application
of a wideband SSFP technique for sub-millimeter re-
solution coronary artery imaging at 3T. A 3D free-
breathing respiratory navigated sequence was used
with spectrally selective fat saturation. A scaled Kai-
ser ramp magnetization preparation scheme was used
to stabilize the transient wideband SSFP signal. In
healthy volunteers, we demonstrate that wideband
SSFP provides a marked improvement in image qual-
ity and SNR, respectively, when compared with con-
ventional SSFP and gradient echo sequences.

MATERIALS AND METHODS

Experimental Methods

Experiments were performed on a Signa Excite HD 3T
scanner (GE Healthcare, Waukesha, WI). The gradient
system had maximum amplitude 40 mT/m and maxi-

mum slew rate 150 mT/m/ms. The maximum re-
ceiver bandwidth was 6125 kHz (4 ms sampling). The
body coil was used for radiofrequency (RF) transmis-
sion, and an eight-channel cardiac phased array was
used for signal reception. Shimming was performed to
minimize off-resonance artifacts, using the manufac-
turer provided automatic prescan, which is based on
linear shimming of the central slice, followed by cen-
ter frequency adjustment based on a region of interest
placed across the heart. Scout images were then
acquired to determine the precise center frequency to
be used in coronary artery imaging (16). A second 2D
cine scout scan aligned with the central slice in the
3D scan was performed, and the trigger delay of elec-
trocardiograph (ECG) gating was chosen according to
the mid-diastolic rest period observed in the cine se-
ries. Six healthy volunteers were scanned after provid-
ing written informed consent, and with an imaging
protocol approved by our institutional review board.
Wideband SSFP and balanced SSFP #1 scans were
performed on all subjects, and additional balanced
SSFP #2 and gradient echo scans were performed on
three of the six subjects.

Increased Band Spacing Using Wideband SSFP

Wideband SSFP (14) uses two alternating repetition
times (TR and TRs) with alternating RF phase (0-p) to
establish an oscillating steady state with two distinct
echoes, as shown in Figure 1. The ratio of the short
and long repetition times is defined as a ¼ TRs /TR,
where 0 < a < ¼ 1. This sequence has a null-to-null
band spacing of approximately 2/(TRþTRs), and the
signal intensity decreases as the a-value is reduced.
In this work, only the long TR is used for data
acquisition.

Initial Preparation for Reducing Transient
Oscillations

When starting at thermal equilibrium, the SSFP signal
amplitude oscillates during the approach to steady
state. The oscillation creates nonsmooth k-space
weighting along the phase-encoding direction(s),

Figure 1. Wideband SSFP
pulse sequence (top) and its
spectral response (bottom).
Black solid line represents the
spectral response of the echo
in TR (black circle); gray dotted
line represents the spectral
response of the echo in TRs

(gray dotted circle). The signal
profiles are based on a ¼ TRs /
TR ¼ 0.4, T1/T2 ¼ 1500/140
ms, and T1,T2 >> TR.
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which results in image artifacts (17). The long waiting
period before the signal reaches steady state degrades
the effectiveness of important magnetization prepara-
tion schemes, such as fat saturation, T2-preparation,
and inversion recovery. Thus an efficient initial prepa-
ration is critical in noncontinuous scans (e.g., gated
cardiac imaging).

Kaiser ramp method has been used for magnetiza-
tion preparation in balanced SSFP coronary sequen-
ces (18). For wideband SSFP, a modified Fourier rela-
tionship between excitation flip angle increments and
the resulting signal profile of alternating TR sequen-
ces has been derived using an approach similar to Le
Roux’s work on conventional SSFP (19), and a scaled
Kaiser-Bessel preparation scheme was proposed to
efficiently reduce transient signal fluctuation in wide-
band SSFP (20). In the proposed preparation scheme,
the RF amplitude increments in TR and TRs are
scaled functions of the same Kaiser-Bessel window,
with scale factors of a and 1, respectively. Before the
3D coronary artery scans, we compared the perform-
ance of the scaled Kaiser-Bessel preparation with
dummy-cycle preparation in low-resolution breath-
held left anterior descending (LAD) coronary artery
imaging.

Imaging Sequence

Free-breathing coronary magnetic resonance images
were acquired using a 3D respiratory navigated
sequence with either a wideband SSFP, conventional
SSFP or gradient echo acquisition. The pulse
sequence structure is shown in Figure 2. A pencil-
beam navigator over the right hemidiaphragm was
acquired using the phased array coil before data ac-
quisition in each cardiac cycle with a 5-mm accep-

tance window. After the navigator, a spectrally selec-
tive fat saturation pulse and dephaser gradient were
applied. A 16-cycle Kaiser-Bessel ramp preparation
was used to reduce transient oscillations in both
wideband and conventional balanced SSFP, followed
by image acquisition centered at mid-diastole. The ac-
quisition window length was also determined based
on the 2D cine scout scan, and was approximately
20% of the R-R interval. The 3DFT readouts were
used with a sequential phase-encoding ordering and
centric slice ordering (16–20 slices per slab). Scan pa-
rameters for the four different imaging protocols are
listed in Table 1. The four scans were conducted in the
order they appear in the table (left to right). For each
subject, imaging TR was set to the minimum value con-
sidering the variant gradient slew rate limitation in
individual oblique scan planes. The TRs of wideband
SSFP was chosen to maintain a null-to-null band spac-
ing greater than 300 Hz. A centric slice order was used,
to minimize the effect of prolonged scan time of wide-
band SSFP due to the currently unused TRs period and
avoid significant image quality loss.

SNR Efficiency of Wideband SSFP and
Conventional SSFP

The total acquisition time of wideband SSFP is (1 þ a)
times longer than conventional SSFP because only
one k-space line is collected per (TRþTRs). The length
of acquisition window in one R-R interval has to be
kept within the diastolic rest period to avoid cardiac
motion artifact, hence the total number of heart beats
needed to obtain the same 3D volume is also
increased by a factor of (1 þ a). To reduce the effect of
the increased possibility of patient movement during
a prolonged scan, we use a centric slice-encode order-
ing to acquire the center part of k-space at the begin-
ning of the scan.

When only TR is used for imaging, the SNR effi-
ciency of wideband SSFP, mw, can be written as:

mw ¼ mc

1þ a
� jMxyjw

jMxyjc
½1�

where |Mxy|w and |Mxy|c are the average signal in-
tensity across 2/3 of the pass band of wideband SSFP
and conventional SSFP, respectively, and mc is the
SNR efficiency of conventional SSFP (13). As described

Figure 2. Pulse sequence for 3D coronary imaging. Each R-
R interval consists of a pencil-beam navigator, fat saturation
sequence, 16-cycle Kaiser-Bessel windowed ramp prepara-
tion, and imaging acquisitions centered at mid-diastole.

Table 1

In-Vivo Scan Parameters (Top) and Imaging Results (Bottom): SNR, Scan Time, and SNR Efficiency of 0.68 � 1.0 � 1.0 mm3 Resolution

Images Averaged Over Six Volunteer Scans

Sequence Wideband SSFP Balanced SSFP #1 Balanced SSFP #2 Gradient echo

TR (ms) 3.9 – 4.2 3.9 – 4.2 3.4 – 3.8 5.0 – 5.8

Flip Angle 55� 55� 55� 15�

Matrix Size 384 � 256 384 � 256 256 � 256 384 � 256

Spatial resolution (mm3) 0.68 � 1.0 � 1.0 0.68 � 1.0 � 1.0 1.0 � 1.0 � 1.0 0.68 � 1.0 � 1.0

Band spacing (Hz) �300 238 – 256 �300 –

Navigator efficiency (%) 51.9 6 5.1 49.0 6 6.3 42.6 6 7.6 49.9 6 4.4

Scan time (min) 5.8 6 0.7 4.8 6 0.5 4.9 6 0.1 5.5 6 0.5

Aortic blood SNR 14.8 6 3.2 19.1 6 4.7 22.2 6 4.8 7.3 6 1.1

Aortic blood SNR efficiency 0.70 6 0.15 1.0 6 0.23 1.2 6 0.3 0.36 6 0.04

SNR ¼ signal to noise ratio; SSFP ¼ steady state free precession.
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in Eq. [1] of reference (14), |Mxy|w/|Mxy|c is always
less than 1, hence the SNR efficiency of wideband
SSFP is always lower than that of conventional SSFP.
Numerical simulations indicate that the 0.68 � 1.0 �
1.0 mm3 resolution wideband SSFP coronary artery
imaging sequence in this study should exhibit a theo-
retical blood SNR reduction of roughly 30% and an
SNR efficiency reduction of roughly 45% compared
with conventional SSFP.

After the LAD scans, regions of interest (ROIs) in
the aorta (blood) and outside the body (background
air) were manually selected in the high-resolution
images. Blood SNR was defined as SNRblood ¼ SIblood /
SDair, where the signal intensity (SI) of aortic blood
pool and standard deviation (SD) of background noise
were directly measured from the images. SNR efficien-
cies were calculated by dividing SNR values by the

square root of total scan time, and were then normal-
ized such that conventional SSFP images have a
mean SNR efficiency of 1.0.

RESULTS

Figure 3 illustrates the influence of the wideband
SSFP initial preparation scheme on final image qual-
ity. The figure contains two low-resolution LAD coro-
nary artery images that were acquired in separate
breath-holds using the same wideband SSFP imaging
sequence, but with two different eight-cycle initial
preparation schemes (a: dummy cycles and b: scaled
Kaiser-Bessel ramp) (20). The image obtained with the
scaled Kaiser-Bessel ramp shows reduced artifacts
and more homogeneous blood signal intensity (see
arrows). This example was shown for illustration;
however, a 16-cycle Kaiser-Bessel ramp provided
slightly more uniform signal in-vivo, and was used in
all subsequent studies.

Figure 4 contains 3D reformatted LAD coronary ar-
tery images from three representative subjects. The
four columns contain data from four separate navi-
gated acquisitions: (i) wideband SSFP with 0.68 � 1.0
� 1.0 mm3 spatial resolution, (ii) balanced SSFP #1
with the same spatial resolution and TR as column 1,
(iii) balanced SSFP #2 with a band spacing similar to
column 1 and 1.0 � 1.0 � 1.0 mm3 spatial resolution,
and (iv) gradient echo with the same spatial resolution
as column 1.

Figure 3. Wideband SSFP coronary artery images with dif-
ferent magnetization preparation methods. a: Dummy-cycles.
b: Scaled Kaiser-Bessel ramp. The arrows indicate where the
scaled Kaiser-Bessel ramp reduced artifacts and had better
signal homogeneity.

Figure 4. Left anterior descending coronary artery images from three representative subjects using four different imaging
sequences (see Table 1). a,e,i: Wideband SSFP with 0.68 � 1.0 � 1.0 mm3 spatial resolution. Average visible vessel length:
11.9563.3 cm. b,f,j: Conventional balanced SSFP with 0.68 � 1.0 � 1.0 mm3 spatial resolution. Average visible vessel length:
8.2563.1 cm. c,g,k: Conventional balanced SSFP with 1.0 � 1.0 � 1.0 mm3 spatial resolution. d,h,m: Gradient echo with
0.68 � 1.0 � 1.0 mm3 spatial resolution. Each image is reformatted from a 3D slab acquisition. Wideband SSFP images pro-
vided the most uniform blood signal, and artifact free depiction of distal branches of the LAD. High resolution conventional
SSFP suffers from off-resonance banding (f, see gray arrows) and flow-transient artifacts (b,j) that disrupt visualization of the
coronary lumen. Low resolution conventional SSFP does not suffer from these artifacts but is unable to capture small distal
branches (e versus a, see black arrows, and g versus e, see white arrows).

Wideband SSFP Coronary MRA at 3T 1227



In all studies, wideband SSFP provided the most
uniform blood signal, and artifact-free depiction of
distal branches of the LAD (see Fig. 4a,e,i) with aver-
age visible vessel length of 11.95 6 3.3 cm across all
six subjects. Balanced SSFP suffered from substantial
flow-related transient artifacts (see Fig. 4b,j) (12,21)
that interfered with coronary assessment. With this
sequence, the average visible vessel length was
reduced to 8.25 6 3.1 cm. Wideband SSFP and bal-
anced SSFP with shorter TR did not suffer from these
artifacts, presumably due to the wider null-to-null
spacing in their spectral profile. Note that the high re-
solution balanced SSFP image of subject 2 (Fig. 4f)
did not suffer from any noticeable flow artifact; how-
ever, dark bands appear in the mid-LAD region, and
could confound image interpretation. Balanced SSFP
with short TR was relatively artifact-free, but was not
able to capture smaller branches due to the coarser
spatial resolution (see white arrows in Fig. 4g versus
Fig. 4e). In subject 3, the left main coronary artery in
the balanced SSFP image was affected by the flow
transient artifact (see black arrows in Fig. 4j). Wide-
band SSFP (Fig. 4i) avoided this artifact, but also suf-
fered from reduced SNR. As a result, the mid- and
distal-LAD were not as clearly depicted as in the bal-
anced SSFP images. Gradient echo images (Fig.
4d,h,m) did not suffer from off-resonance banding
artifact; however, the blood SNR was substantially
lower than the alternatives.

The navigator efficiency, scan-time, blood SNR,
blood SNR efficiencies from the four scans are sum-
marized in Table 1. Navigator efficiencies ranged from
35.0% to 59.7% across the six subjects. The average
blood SNR (measured in the aorta) of the wideband
SSFP data was 22% lower than that of balanced SSFP
data with the same spatial resolution. Considering the
change in scan time, the average SNR efficiency of
wideband SSFP was 70% of the SNR efficiency of con-
ventional balanced SSFP.

DISCUSSION

We have designed, implemented, and evaluated a
wideband SSFP-based method for 3D high-resolution
free-breathing coronary artery imaging. In 0.68 � 1.0
� 1.0 mm3 balanced SSFP scans, off-resonance band-
ing and flow-related artifacts severely degraded the
depiction of coronary arteries (Fig. 4b,f,j). Balanced
SSFP with lower spatial resolution (and shorter TR)
was able to avoid these artifacts but was not able to
capture small and distal branches. Wideband SSFP
was able to achieve 0.68 � 1.0 � 1.0 mm3 spatial re-
solution with no visible artifacts and the most homo-
geneous blood signal intensity over the regions of in-
terest. With TR/TRs ¼ 3.9/2.4 ms, wideband SSFP
had a 24% wider null-to-null spacing in its spectral
profile (�317 Hz) compared with conventional SSFP
with the same TR.

The use of wideband SSFP involves a fundamental
trade-off of SNR for spatial resolution and bandwidth.
The balance between the three should be carefully
evaluated to optimize image quality and the eventual

ability to detect coronary artery disease (CAD) from
images. This includes optimization of the TR, TRs,
bandwidth, and flip angle. It is worth noting that the
reduction blood SNR in this study was less than the
value predicted by Eq. [1]. Numerical simulations sug-
gest that in the steady state blood SNR should be
30% lower when using wideband SSFP compared with
balanced SSFP #1. The discrepancy could be due to
inflow, which would mean that blood SNR is better
modeled as a mix of various transient signals and
partial T2-weighting. This would affect the choice of
the imaging flip angle. It is likely that to maximize
blood to myocardium contrast in the SSFP-based
sequences, the flip angle should be set to the largest
possible value within SAR constraints, because blood
signal is always higher than that of myocardium and
the difference increases with flip angle. The SAR of
wideband SSFP is 2TR/(TRþTRs) times that of bal-
anced SSFP. Note that although the SAR of steady-
state sequences is an important consideration in con-
tinuous imaging (e.g., CINE LV function), in the pro-
posed coronary protocols, data is only collected dur-
ing a stable diastolic window that certainly occupies
� 30% of each R-R interval. Thus, the SAR of imaging
RF excitations is not a major limiting factor at 3T.

The total scan time for wideband SSFP is expected
to increase by TRs /TR compared with balanced SSFP
#1, when the length of acquisition window is kept
identical and TRs is unused. In this study, the scan
time increase was expected to be 50% to 60%, but in
real scans it was only 24% on average, as a result of
sequence restrictions on the number of k-space seg-
ments (which caused acquisition window length to
vary during different scans), and also variations in the
navigator efficiency. Therefore, the wideband SSFP
approach achieved a 70% SNR efficiency compared
with balanced SSFP, which was higher than the theo-
retical prediction of 55%.

Parallel imaging (22,23) was not used in this study,
but can be easily incorporated as a means to shorten
scan time, reduce the size of the acquisition window,
and/or improve spatial coverage. It is possible for
auto-calibrated parallel imaging methods (24) to
obtain low-resolution coil sensitivity or k-space inter-
polator information during the TRs (25), further
reducing the required acquisition time. It may also be
possible to acquire low-resolution data (e.g., 1-D pro-
jections) from the imaging volume during the short TR
(26). Such data would provide direct information
about the heart’s position and could be used for self-
gating (27) or automated detection of the stable dia-
stolic window within a prolonged acquisition (28). No
additional sequence or acquisition time would be
needed to perform this procedure.

Many cardiac applications such as first pass perfu-
sion (29) and global cardiac function imaging (30)
benefit from higher field strengths, and the clinical
use of cardiac MRI has begun to migrate toward 3T.
Coronary artery imaging, as part of a comprehensive
cardiac assessment, will also require a robust method
to acquire high-quality artifact-free images at 3T. This
study has demonstrated the ability of wideband SSFP
to achieve sub-millimeter resolution while avoiding
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banding artifacts that confound the use of conven-
tional balanced SSFP at 3T. This approach should
also have roughly 25% higher SNR efficiency com-
pared with balanced SSFP at 1.5T, making it a prom-
ising candidate for noncontrast coronary MRA at 3T.

Wideband SSFP is a flexible pulse sequence, and this
study represents its first application to coronary artery
imaging. There are several opportunities for further de-
velopment that include utilization of TRs for improving
SNR, navigation, self-gating, or auto-calibration for
parallel imaging, and the optimization of imaging pa-
rameters or combination with T2-prep (31) to further
increase CNR. Further studies are needed to further
develop this approach and determine the imaging pa-
rameters that will provide optimal image quality and
optimal detection of CAD in clinical cohorts.

In conclusion, we have demonstrated a new
approach to noncontrast, high-resolution coronary ar-
tery imaging at 3T, based on wideband SSFP. Com-
pared with conventional balanced SSFP, this pulse
sequence provided reduced sensitivity to off-reso-
nance and permits prolonged readout duration. This
directly led to the ability to achieve sub-millimeter re-
solution without the banding and flow-transient
image artifacts that confound conventional balanced
SSFP coronary artery imaging. Wideband SSFP
retained superior SNR compared with gradient echo
sequences. This work has provided an initial demon-
stration of the advantages of applying wideband SSFP
to coronary artery imaging (higher resolution, reduced
artifact) in healthy subjects. Further studies in
patients are needed to determine imaging parameters
that provide optimal image quality and optimal
assessment of coronary artery disease with this new
approach.
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