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INTRODUCTION

Magnetic resonance imaging (MRI) has considerably 
improved over the last 20 years because of its 
noninvasiveness, high soft tissue contrast, and availability 
of physiological, metabolic, and functional information 
beyond anatomical information. Physiological MRI without 
contrast agent has been typically performed with a 
dedicated magnetization preparation module followed by 
a fast data readout sequence. Functional MRI (fMRI) also 
requires a fast data readout scheme for high temporal 
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resolution to capture hemodynamic responses associated 
with neuronal activities. Although many fast imaging 
techniques exist with MRI, echo planar imaging (EPI) 
has been the first choice as the data readout sequence 
for physiological MRI and fMRI because of its speed, 
sensitivity to the initial magnetization difference, and good 
T2* contrast (in case of fMRI). However, EPI suffers from 
distortion and signal degradation induced by magnetic 
field inhomogeneity or susceptibility effects, and it also is 
subjected to T2* blurring due to the acquisition of multiple 
K-space lines after a single radio frequency (RF) excitation. 
These factors limit the spatial resolution and image quality 
of the physiological MRI and fMRI with EPI. Other non-EPI 
based readout approaches, including rapid imaging with 
refocused echoes and gradient and spin echo, can be used 
to minimize susceptible artifacts (1-3), at the cost of either 
lower temporal resolution, blurring, or lower signal due to 
noise ratio per unit time.

Balanced steady-state free precession (bSSFP), is called 
true fast imaging with steady-state precession (Siemens 
Healthcare, Erlangen, Germany), fast imaging employing 
steady-state acquisition (FIESTA) (GE Healthcare, 
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in bSSFP. The transverse magnetization (along with 
the longitudinal magnetization) is used for the next RF 
excitation, providing the high signal in a very short TR 
(typically 3–6 ms). This action is achieved by a rapid, 
consecutive train of excitation pulses with “balanced” 
gradients (Fig. 1). The gradients are made to equally cancel 
out each of the three spatial directions (i.e., slice-selection, 
phase-encoding, and frequency-encoding directions) by the 
end of each TR and not to contribute to the accumulation 
of the magnetization phases. The signal phase is only 
dependent on the frequency shift (∆f) that is induced by 
magnetic field inhomogeneity, susceptibility, and chemical 
shifts, evolving in the amount of 2·π·∆f·TR during each TR. 

Let’s assume a spin is on resonance (i.e., ∆f = 0) and 
TR < T2. When we apply for an initial RF excitation with a 
flip angle α/2 and then a series of RF excitations with a 
flip angle sequence of -α, α, -α, α, …, the magnetization 
initially flips toward the x-axis and then alternates 
between the +x and -x axes, allowing for high transverse 
magnetizations, in a balanced way, between consecutive RF 
excitations (Fig. 2). RF excitations at the same transmission 
phase will simply change the longitudinal and transverse 
magnetizations in an unbalanced way and, thus, cannot 
consistently provide high signals (corresponding to the 
dark bands in the bSSFP images). It should be noted that 
the negative flip angle (-α) can be achieved by changing 
the transmission phase of the RF pulse by 180° (e.g., 

Buckinghamshire, United Kingdom), or balanced fast 
field echo (Philips Healthcare, Best, the Netherlands), 
and it is a kind of gradient recalled echo (GRE) sequence 
that allows for fast data acquisition. The bSSFP sequence 
utilizes single RF excitation per each K-space line, avoiding 
the problems associated with EPI. The bSSFP sequence 
has had a long history since its development. The first 
discovery of the technique dates back to the works of 
Carr (4) in 1958, and, since then, the technique has been 
continuously rediscovered (5) and refined (6). However, 
this technique has not, been readily used, until recently, in 
the research community, due to the complicated nature of 
the signal source and difficulty in obtaining a stable signal 
without the help of technical advancements in hardware 
specification. Compared to other GRE sequences, bSSFP 
provides higher signal to noise ratio (SNR) within a short 
scan time, frequently making this technique used for fast 
high-resolution anatomical imaging. The bSSFP sequence 
has higher sensitivity due to the initial magnetization 
differences (7) and also due to the subtle frequency 
changes, such as those induced by blood oxygenation level 
dependent (BOLD) effects (8). Based on this notion, bSSFP 
has been recently applied for distortion-free high-resolution 
physiological and functional MRI, in replacement of EPI, 
and it will be introduced, in detail, within this article. To 
fully utilize bSSFP for physiological and functional MRI, 
however, the unique signal characteristics of bSSFP should 
be appropriately understood (7, 9, 10).

In this article, the basic principles of bSSFP will be 
briefly reviewed, along with explanations regarding the 
unique signal characteristics of bSSFP. This paper will 
then focus on introducing the recent techniques and the 
important contemporary developments made in terms 
of the application of bSSFP for imaging physiological 
and functional information. The problems and potential 
applications of the physiological and functional imaging 
with bSSFP will be also discussed.

Basic Principles

Balanced steady-state free precession is a steady-state 
technique that utilizes residual transverse magnetization 
from previous RF excitations. While the time to repeat (TR) 
is much shorter than the T2 of an object, its transverse 
magnetization remains at the end of each TR before the 
next excitation. Unlike spoiled gradient echo sequences, 
this residual transverse magnetization is not removed 

Fig. 1. Pulse sequence diagram of balanced steady-state free 
precession. Sum of all gradients in each of three directions (slice-
selection, phase-encoding, and frequency-encoding) is zero. Phase of 
radio frequency (RF) pulse, denoted as phase-cycling angle (θ), can 
be incremented after every repetition time (TR). Echo time (TE) is 
typically set to half of TR. GSS, GPE, and GFE represent gradients for slice 
selection, phase encoding, and frequency encoding, respectively.
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applying the RF energy along the -y axis in contrast to 
the +y axis). Changing the transmission phases of the RF 
excitations is called “phase cycling”. “Phase cycling angle” 
(ϕcyc) is defined as the increment of the transmission RF 
phase per TR. The flip angle sequence of -α, α, -α, α, …, 
corresponds to the phase cycling angle of 180° because the 
transmission phase increases by 180° per TR. 

On the other hand, if the phase evolution of a spin during 
each TR (2·π·∆f·TR) happens to be 180° rather than 0° 
because of the frequency shift (∆f), the magnetization 
initially flips toward the +x axis and, then, automatically 
evolves to the -x axis during one TR, and, thus, a flip angle 
sequence of α, α, α, α, …, (instead of -α, α, -α, α, …) 
provides the balanced magnetizations, implying that the 
phase evolution per TR due to frequency shifts (2·π·∆f·TR) 

and the phase cycling angle (ϕcyc) should be considered 
together and, ultimately, the sum of the two terms (ϕtot) 
should be close to 180° (i.e., ϕtot = ϕcyc + 2·π·∆f·TR =~ 
180°), in order for bSSFP to generate stable signals. In 
most clinical scanners, this is achieved by setting the 
phase cycling angle (ϕcyc) at 180° and by keeping the phase 
evolution angle (2·π·∆f·TR ~~ 0) close to zero with a short 
TR and with good shimming within the region of interest (∆f 
~~ 0). However, strong signals can also be observed when 
ϕtot is an integer multiple of 360° away from 180°, i.e., ϕtot 

=~ 180° + n·360° (n = 0, ± 1, ± 2, …). In contrast, dark 
signals (i.e., dark banding artifacts) can be observed when 
ϕtot is an integer multiple of 360° away from 0°, i.e., ϕtot 

=~ n·360° (n = 0, ± 1, ± 2, …). These high intensity and 
low intensity regions are called “pass band” and “transition 
band”, respectively. Figure 3 shows the signal intensity as a 
function of the phase evolution angle (2·π·∆f·TR) at four 
different phase cycling angles (ϕcyc) of 0°, 90°, 180°, and 
270° and this function was simulated based on equations 
by Scheffler and Hennig (11). As shown in Figure 3, the 
bSSFP signal profile is periodic and the signal magnitude 
profile repeated every TR-1 Hz whereas the signal phase 
profile evolved every 2 TR-1 Hz. The location of the pass 
bands and transition bands shifted with the phase cycling 
angle (Fig. 3). The phase had only limited change in the 
pass band regions whereas steep phase changes were 
observable in the transition band regions. As mentioned 
above, the conventional bSSFP sequence, which is installed 
in most clinical scanners, corresponds to Figure 3C, where 
the on-resonance spins are in the middle of the pass band. 

Recently, the bSSFP technique has been rediscovered 
in the context of imaging physiological and functional 

Fig. 2. Magnetization changes of balanced steady-state free 
precession (bSSFP) sequence with half-alpha preparation 
and phase-cycling angle of 180°. Mz denotes longitudinal 
magnetization and My denotes transverse magnetization along y-axis 
in rotating frame, and α denotes flip angle of radio frequency pulse. 
Notice that magnitude of transverse magnetization is maintained when 
bSSFP signal reaches steady-state.
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Fig. 3. Balanced steady-state signal profile as function of off-resonance frequency in one repetition time. 
Magnitude and phase responses of balanced steady-state free precession (bSSFP) signals are shown as function of off-resonance precession angle 
per each repetition time. bSSFP signal profile for phase-cycling angles of 0° (A), 90° (B), 180° (C), and 270° (D) are shown. Notice that signal 
profile is periodic and that signal profile shifts with each phase-cycling angle.
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information. In contrast to its name, bSSFP for physiological 
MRI with no contrast agent should be performed in 
transient states of bSSFP acquisitions in order to sensitize 
the initial magnetization differences that are induced 
by a dedicated magnetization preparation module, such 
as arterial spin labeling (ASL), whereas the fMRI should 
be performed in the steady state due to the dynamic 
acquisition nature of fMRI. Because of its sensitivity to 
subtle changes in frequency and/or phase, high speed, high 
SNR, and no spatial distortion, bSSFP is a good candidate 
for physiological and functional MRIs.

Physiological Imaging

Magnetic resonance imaging is widely used to image the 
anatomy of blood vessels, especially for the evaluation of 
arteries and veins in clinical applications. Also, perfusion 
MR images are important for obtaining micro-vascular 
information. The bSSFP technique is potentially useful 
for imaging blood vessels in many aspects, mainly due 
to the unique contrast it can provide (i.e., T2/T1), which 
highlights blood signals from normal tissue (12). bSSFP 
shows less sensitivity to magnetic field inhomogeneity, 
unlike the conventional physiological techniques with EPI. 
Other benefits include the relatively high SNR and high 

spatial resolution, within a reasonable amount of time. 
Currently, bSSFP is commonly used for cardiac applications 
in clinical scanners, providing high signal intensity and 
blood/myocardium contrast (13). This review will main 
focus on the non-enhanced perfusion imaging using bSSFP.

The usefulness of the bSSFP readout for ASL with flow-
sensitive alternating inversion recovery (FAIR) (14) was 
initially demonstrated in the body (kidney), where severe 
magnetic field inhomogeneity exists and high spatial 
resolution is required (15-17). Later, FAIR with a bSSFP 
readout was tried on the brain (18, 19), myocardium 
(20), muscle (21), and breast (22). In a similar context, 
the pseudo-continuous arterial spin labeling (pCASL) 
technique (23, 24) can be combined with a bSSFP readout 
for distortion-free high-resolution perfusion mapping. 
Exemplary three-dimensional pCASL-bSSFP images in the 
brain are shown in Figure 4. The pCASL-bSSFP combination 
has been applied for mapping perfusion in retina and 
kidney, regions where distortion and signal dropout 
effects are prominent with the conventional pCASL with 
EPI technique (25). In this work, banding and motion 
artifacts were reduced by employing a multiple phase-
cycling approach (retina) and single breathe-hold (kidney), 
respectively. These ASL studies with a bSSFP readout 
have shown feasibility for non-invasive high resolution 

Fig. 4. Baseline and cerebral blood flow images of brain and were acquired using three-dimensional pseudo-continuous arterial 
spin labeling technique with balanced steady-state free precession readout scheme. Repetition time/echo time = 4/2 ms, field of view 
= 240 x 180 x 20 mm3, matrix = 128 x 96 x 4, number of average for pair-wise subtraction = 40, and scan time = 4 minutes. p.u. = percent unit
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mapping of blood flow in many different organs, possibly 
complementing the contrast agent techniques that especially 
useful for patients with kidney dysfunction.

The longitudinal magnetization of flowing blood was less 
affected by the bSSFP RF excitation pulse train than that 
of stationary tissues (26); however, it quickly recovered 
as T1 decreased when blood perfused into the tissue. 
Recently, a few different studies were performed based 
on this phenomenon (27-29). In these studies, FAIR was 
combined with an ordinary bSSFP readout scheme or a 
segmented, multi-phase bSSFP readout scheme for non-
enhanced MR angiography (27, 29) and the quantification 
of arterial cerebral blood volume (aCBV) (28). Although 
these techniques provided lower spatial resolution and 
coverage than the standard contrast-enhanced techniques, 
feasibility was shown for non-invasively imaging the 
cerebral vasculature and measuring aCBV in small vascular 
compartments (e.g., in small arteries, arterioles, and 
capillaries); this ability can be useful for clinical evaluation 
of cerebral perfusion.

A different approach has also been proposed for 
the simultaneous acquisition of both perfusion and 
magnetization transfer (MT) images, utilizing the inter-
slice blood flow and magnetization transfer effects in two-
dimensional multi-slice bSSFP imaging with no separate 
labeling pulse (30-32). This technique is termed alternate 
ascending/descending directional navigation (ALADDIN), 
where the perfusion signal was separated from the MT 
effects via different combinations of datasets with 
alternations in the multi-slice acquisition ordering and 

slice-select gradient polarity. The main advantage of this 
technique was in the labeling planes automatically tracking 
the imaging planes; this ability is proposed to be helpful 
for the detection of heterogeneous blood flow directions. 
Figure 5 shows exemplary directional perfusion maps 
obtained in the brain with a scan time of –3 minutes. Figure 
6 shows the perfusion and MT asymmetry signals acquired 
with ALADDIN in cervical spines, where EPI suffers from 
significant susceptibility effects. The clinical usefulness of 
directional perfusion and MT asymmetry information needs 
to be investigated further.

In other studies, bSSFP have been developed for clinical 
evaluation of peripheral blood flow in combination with 
pre-saturation pulse, suppressing background tissue and 
venous signals while capturing the arterial inflow signal 
(33, 34). Although the quality was slightly lower than those 
with contrast-enhancement, the non-invasive nature and 
feasibility for diagnosis provided potential usefulness for 
clinical applications (33). Additional developments were 
made to quantify blood flow by combining bSSFP with 
phase contrast imaging technique, showing an accurate 
depiction of cerebral blood and cerebrospinal fluid flow (35).

Blood Oxygenation Level Dependent Functional 
MRI

When bSSFP is applied to fMRI, the functional signal 
changes can induce frequency shifts in 1) a pass band 
region, 2) a transition band with steep phase changes, 
or 3) a pass band of the opposite polarity (180° phase 

Fig. 5. Inter-slice blood flow images acquired with alternate ascending/descending directional navigation (ALADDIN). 
Balanced steady-state free precession sequence is used for ALADDIN acquisition. Baseline (A), perfusion with direction from feet (F) to head (H) 
(B), and perfusion with direction from head (H) to feet (F) (C) images are shown. Arrow indicates superior sagittal sinus. Repetition time/echo 
time = 4/2 ms, field of view = 230 x 230 mm2, matrix = 128 x 128, slice thickness = 5 mm, phase oversampling = 50%, number of slices = 15, 
number average for pair-wise subtraction = 8, and scan time = –3 minutes. p.u. = percent unit
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difference), complicating the application of bSSFP to 
fMRI. Depending on the scan conditions (e.g., TR) and 
shimming conditions, bSSFP fMRI may depend on T2 or 
T2*, which have been shown to have different fMRI signal 
characteristics and, thus, make the interpretation of bSSFP 
fMRI signals complicated. Because of few phase changes in 
the pass bands (Fig. 3), the contrast of bSSFP is expected 
to be closer to T2 rather than T2* (exactly T2/T1). This 
fact is true when the imaging region is within a pass 
band. However, initial bSSFP fMRI studies have focused on 
improving the BOLD sensitivity by utilizing the transition 
bands (rather than pass bands) in expectation of the high 
phase sensitivity of the transition bands (Fig. 3) due to 
the frequency shifts induced by neuronal activity (36-
41). Despite the high sensitivity to BOLD fMRI signals, 
the transition bands cover only narrow spatial regions and 
are sensitive to B0 drift, limiting the application of this 
approach to fMRI. Some strategies, such as combination 
of multiple fMRI datasets acquired at multiple offset 
frequencies (37, 38, 41) and for minimizing B0 drift effects 
such as real-time B0 compensation (39, 41), were proposed 
for increasing the spatial coverage of transition-band bSSFP 
for fMRI.

Later, BOLD fMRI based on pass-band bSSFP was proposed 
and then became more popular for bSSFP fMRI (42-45). 
Pass-band bSSFP provided wider spatial coverage and more 
stable performance than the transition-band bSSFP for 
fMRI, but the signal sources in the pass-band bSSFP fMRI 
were not clear. The signal sources were considered to be 
T2* at long TR (44, 45), T2 at short TR (44), or diffusion 

in the extravascular area (46). The improvement of tissue 
specificity of that pass-band bSSFP fMRI that was based 
on T2 characteristics was demonstrated with computer 
simulations (47-49). The signal characteristics of bSSFP 
fMRI depended on the spatial location of the pass bands 
and transitions bands, which were not easy to assess with 
human fMRI because of the limitation in spatial resolution.

The heterogeneity in the signal sources of the pass-band 
bSSFP fMRI was experimentally investigated in high spatial 
resolution at a high field of 9.4-T (50). Figure 7 shows the 
rat forepaw fMRI studies with four different sequences of 
fast low angle shot (FLASH), transition-band bSSFP, pass-
band bSSFP with TR = 10 ms, and pass-band bSSFP with 
TR = 20 ms, performed at 9.4-T, similar to but different 
from the study by Park et al. (50) in terms of better 
sensitivity (using a two-ring quadrature surface coil) and 
a better spatial resolution. The FLASH and transition-band 
bSSFP were sensitive to the phase changes and, thus, the 
activation foci were localized more on the draining veins, 
including the intracortical veins, as they can be assessed 
by comparison with the corresponding venogram (Fig. 7E) 
(51). The pass-band bSSFP also showed high fMRI signals 
but was less localized on the draining veins, implying T2 
characteristics under this scan condition, whereas the long 
TR of 20 ms showed the localization of activation foci 
on draining veins, indicating T2* characteristics. When 
pass-band bSSFP with TR = 10 ms was used at multiple 
phase cycling angles of 0°, 90°, 180°, and 270° (50), the 
sensitivity and spatial specificity of fMRI maps changed 
with the phase cycling angle, indicating that the T2 or T2* 

Fig. 6. Sagittal view of inter-slice blood flow and magnetization transfer (MT) asymmetry images in cervical spines 
simultaneously acquired with alternate ascending/descending directional navigation (ALADDIN). 
Balanced steady-state free precession sequence is used for ALADDIN acquisition. Baseline (A), perfusion (B), and MT asymmetry (C) images are 
shown. Repetition time/echo time = 4/2 ms, field of view = 240 x 240 mm2, matrix = 128 x 128, slice thickness = 4 mm, phase oversampling = 
50%, number of slices = 13, number average for pair-wise subtraction = 8, and scan time = –3 minutes. p.u. = percent unit
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characteristics of pass-band bSSFP fMRI were dependent on 
the phase cycling angle and, thus, anatomical regions and 
structures associated with the shimming condition.

Most pass-band bSSFP fMRI studies have been performed 
with relatively long TR to weight T2* contrast for better 
sensitivity. Recently, resting-state fMRI was successfully 
performed with pass-band bSSFP with a short TR of 4 ms at 
3 T and 2.5 ms at 7 T (52). The conventional bSSFP fMRI 
was also performed at TR of 3.8 ms at 7 T after an injection 
of monocrystalline iron oxide nanoparticle (53). These 
studies indicated that short-TR bSSFP might be applied for 
both conventional stimulation-based fMRI and resting-state 
fMRI but they require further assessment.

DISCUSSION

Many physiological and functional imaging methods can 
be incorporated using bSSFP as a data readout sequence, 
as mentioned above. bSSFP has high sensitivity to the 
initial magnetization difference, and, thus, it can be well 
combined with various magnetization preparation schemes 
for physiological MRI. Because of multiple RF excitations, 
the initial magnetization difference can decrease with 

RF excitation (7, 15, 25), and, thus, centric phase-
encoding order is preferred over linear phase-encoding 
order for physiological MRI. While most physiological MRI 
methods require a separate magnetization preparation 
module, some unique bSSFP methods, such as ALADDIN, 
can provide relevant physiological information with no 
separate preparation module (30-32), making the time-
efficient bSSFP sequence even more efficient. It is obvious 
that bSSFP can be combined with other physiological 
MRI methods that are not mentioned here and that new 
physiological imaging methods can be created in the future 
based on the unique characteristics of bSSFP.

Careful consideration is required for the usage of bSSFP 
for physiological and functional imagings. bSSFP suffers 
from transient oscillation and eddy current effects, 
especially, for centric phase-encoding order which is 
required for physiological MRI, and, thus methods, such as 
special pairing of consecutive phase-encoding lines, double 
averaging of single K-space line, or gradient waveform 
grouping, may be used to suppress these effects (54-56). 
Artifacts due to the transient signal oscillations may can 
also be reduced by using additional pre-pulses and pre-
scans, such as half-alpha preparation or dummy phase-
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Fig. 7. Investigation of activation foci of high-resolution functional MRI maps. 
Functional MRI maps acquired at 9.4-T with fast low angle shot (FLASH) (A), transition-band balanced steady-state free precession (bSSFP) with 
time to repeat (TR) = 20 ms (B), pass-band bSSFP with TR = 10 ms (C), and pass-band bSSFP with TR = 20 ms (D). Echo time was set to half of 
TR for all images. Each functional MRI map is overlaid on corresponding averaged baseline image. Matrix size = 256 x 128, field of view = 2.2 x 
1.1 cm2, slice thickness = 1 mm, and number of slice = 1 for all images. Flip angle was 8°, 4°, 16°, and 16° for images in A-D, respectively, and 
angles were optimized based on simulation at 9.4-T. E. Venogram with minimum intensity projection at same location as functional MRI maps in 
A-D.
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encoding steps with linearly increasing flip angle. 
One of the main drawbacks of bSSFP is banding artifacts 

in the regions of magnetic field inhomogeneity (transition 
regions in Fig. 3). Short TR and good shimming are 
strategies to suppress the artifact, as mentioned before. 
Special shim methods dedicated to bSSFP imaging may 
also be employed (57). The major advantage of these 
approaches is that no change in total scan time occurs, 
but the banding artifacts may not be perfectly removed. 
Another method is to combine the datasets that are 
acquired as multiple phase-cycling angles. Various methods 
for combining the multiple datasets have been proposed 
(58-60). This approach can virtually cover all cases of 
variations in the bSSFP profile (Fig. 3), however, at the cost 
of increased scan time. Other methods include reshaping 
the signal profile to broaden the range of the off-resonance 
precession angles (61) and dynamically phase-cycling with 
radial bSSFP imaging (62). These strategies will be helpful 
for suppressing the banding artifacts for physiological MRI 
and fMRI with bSSFP.

Although bSSFP is the fastest MRI method among the 
non-EPI sequences, its acquisition speed is still not as high 
as EPI, limiting the spatial coverage of physiological MRI 
and fMRI. Potential approaches to increasing the spatial 
coverage of bSSFP-based physiological MRI and fMRI would 
be a combination of bSSFP with acceleration algorithms, 
such as parallel imaging (63, 64) and compressed sensing 
(65-68). bSSFP utilizes each separate RF excitation per 
K-space line; this ability is favorable for the application of 
the acceleration algorithms. bSSFP-based fMRI has been 
demonstrated to be accelerated by parallel imaging (69) and 
compressed sensing (70). These technical advancements 
will allow for physiological MRI and fMRI that are free of 
distortion and the full coverage of the targeted organ in 
almost the same scan time as the conventional EPI-based 
imaging.

CONCLUSION

Balanced steady-state free precession is a promising 
technique for imaging physiological and functional 
information. The technique provides a unique signal profile 
and contrast, which can be helpful for various applications, 
with additional benefits of high SNR, high spatial 
resolution, and relatively high acquisition speed. Although 
the technique requires improvement for applications to 
physiological MRI and fMRI, feasibility is shown for clinical 

evaluation. Advancements can still be made with many 
possibilities, improving its usage in many clinical and 
neuroscience studies.
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